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ABSTRACT 
This report covers the design study of a 
two-stage radiant cooler to be used in a 10  to 12.2 
micron Day-Night High Resolution Infrared Radi- 
ometer. 
cedures necessary to carry out the design of radiant 
coolers for space applications. 
and specific results have been directed toward the 
design of a two-stage cooler to be used on a Nimbus- 
type spacecraft. The report includes the basic and 
detailed design of the cooler and its parts and an 
analysis of its thermal performance. The testing of 
the cooler under realistic thermal conditions is also 
described, and the performance of a complete radi- 
ometer of specific characteristics is calculated. 
The completed study contains the pro- 
The calculations 
It is concluded that temperatures below 
80 degrees K in the second-stage can be attained on 
a Nimbus-type spacecraft and that realistic space 
chamber thermal testing of the coder  is  possible. 
It is therefore recommended that the program be 
continued with Phase II, the construction and testing 
of a two-stage radiant cooler. 
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.. 1.0 INTRODUCTION 
This report covers the design study of a two-stage radiant cooler to be 
used in cooling an infrared detector in a 10 to 12.2 micron day-night infrared 
radiometer. It includes a description of the radiant cooler and its detailed 
design plus an analysis of the thermal performance. Also included are pro- 
grams for testing the cooler and breadboard radiometer and a calculation of 
radiometer performance. 
I 
A 10 to 12.2 micron instrument permits the radiometric mapping of 
the earth and its cloud cover both day and night. It is an extension of the 3.4 
to 4.2 micron nighttime High Resolution Infrared Radiometer flown on Nimbus I, 
and the two-stage radiant cooler is an extension of the single-stage cooler 
employed on the Nimbus I instrument. 
This report covers the first phase of the program. The second phase 
is the construction and testing of a vibrationally sound two-stage cooler, with 
the objective of attaining a temperature below 80 degrees K. The third phase 
is the integration of the radiant cooler with a working breadboard radiometer 
of specific characteristics. 
1 
.- 2.0 COOLER DESCRIPTION AND STUDY RESULTS 
The design of the two-stage radiant cooler is shown in Figure 1. The 
cooler is designed for operation on an earth-oriented spacecraft in circular 
orbit at 750 nautical miles altitude. The actual design w a s  carried out for a 
600 nautical mile altitude to allow for altitude errors  and variations and for 
spacecraft wobble. 
radiant patches so the only external object they see is cold space. The cones 
are gold-coated for high reflectivity and low thermal coupling. A pair of earth 
shields (only one is shown) may be added (Section 4.3) to reduce the thermai 
loading of the first-stage cone by earth radiation. In addition, sun shields 
(not shown) may be a g e d  to ensure that no direct sunlight enters the cone 
structure. 
The cone structures limit the look angles of the black 
The addition of a primary casting containing a scan mirror, primary 
focusing optics, and radiation chopper produces a complete radiometer. The 
primary casting would be similar to that employed in the Nimbus I High Resolu- 
tion Infrared Radiometer (Contract NAS 5-668). Except for the preamplifier, 
telemetry points, and motor power, the electronics would be housed below the 
radiometer base. 
The two-stage cooler will be separated from the spacecraft by supports 
(not shown in Figure 1) of low thermal conductivity material connected to the 
outer cooler surface (Section 4.4.1). The nature of the mechanical connections 
between the outer cooler surface and first-stage cone depends on the emissivity 
of the gold coating on the cone (Section 4.2). No thermal isolation is necessary 
when the emissivity is sufficiently low. The multi-layer insulation will then be 
removed and the two structures firmly connected. A t  hi# gold emissivities, on 
the other hand, thermal isolation is required, and the structures will be con- 
nected by fiberglas epoxy rods attached to the outer surface by means of insu- 
lating washers (Section 4.4.2). 
The outer surfaces of the cooler which receive direct sunlight will be 
coated with a material of low solar absorptivity and high infrared emissivity to 
obtain as low an outer surface temperature as possible (Section 4.1). 
surface facing the spacecraft (radiometer base) will be covered with a material 
of low infrared emissivity. 
The outer 
The outer (first-stage or warmer) radiant patch will be mechanically 
held during spacecraft launch and supported in orbit by means of a low thermal 
conductivity tube (Section 4.5). The inner (second-stage or cooler) patch will be 
supported from the outer patch by a similar tube, which is relatively stronger in 
order to survive the vibrational environment. The supports a re  not shown in 
Figure 1. 
2 
e- 
3 
1 -  The cores of the radiant patches and cone structures will be made of 
honeycomb (Hexcel Products, Inc. , Berkeley, California) for low weight and 
high strength. The relay optics (Section 4.6) is designed for a low numerical 
aperture (small convergence angle o r  speed) through the first-stage cone to 
keep radiant coupling through the optical opening to a minimum. The use of a 
cooled interference filter mounted on the first-stage patch further reduces this 
source of thermal loading. Electrical leads will be run through the centers of 
the hollow support rods, thus eliminating additional openings through the cone 
structures. The detector cell will be mounted directly on the second-stage patch, 
so there will be no cell housing separated from the patch. A separated housing 
tends to increase radiant coupling and to create vibrational problems. 
The procedure used to determine the basic design of the two-stage radiant 
cooler is described in Section 3. 0. It is followed by a discussion of the detailed 
design and an analysis of the thermal performance of the cooler. For the expected 
range of gold emissivity, the first Stage will reach a temperature of 98 degree8.K 
to 111 degrees K and the second stage a temperature of 65 degrees K to 79 degrees 
K. 
radiometer base. 
These temperature ranges depend only weakly on the temperature of the 
There are several factors and design changes which tend to reduce the 
temperatures attained in the two stages. In a properly designed second-stage 
(i. e. , one in which the patch sees very little or none of the first-stage cone), 
conductive thermal coupling is more important than radiative. The detector 
temperature can therefore be reduced by extending the patch caging mechanism 
to the second ptage and supporting the second-stage patch in orbit by a weaker, 
lower conductance support. A cooler operating at a higher altitude has a lower 
thermal loading from the earth (See Appendix M) and a greater look at cold space. 
The increased look angle to space reduces the patch to cone radiative exchange 
(Appendix III) and the length of the cooler (Appendix I). Finally, the temperatures 
of the cones in the two-stage cooler are less than the temperature of the cone in 
the single-stage,. 200 degrees K radiant cooler; this decreases the emissivity of 
the metallic coatings (M. Jakob, ''Heat Transfer", Vol. I, Wiley, 1949, 
Section 4-10). 
The testing of the two-stage radiant cooler in a space chamber under 
realistic thermal conditions is covered in Section 5.0.  This section also contains 
discussions on the required test equipment, the measurement of temperatures, the 
determination of important radiative transfer parameters, and the testing of a 
complete radiometer. 
The performance of a specific day-night radiometer is calculated in 
Section 6. 0. 
4 
3.0 BASIC DESIGN OF THE TWO-STAGE RADIANT COOLER 
The design philosophy for the two-stage radiant cooler gives procedures 
for setting the actual sizes of the radmnt patches and for determining the 
geometry (angles and relative dimensions) of each stage. By subjecting these 
procedures to design constraints of minimum thermal inputs, maximum patch 
look angles, and relative size of stages, a technique is obtained for carrying 
out the basic design of the cooler. The angles in the second stage were then 
changed to reduce loading on the first stage by external sources (Section 3.4), 
3.1 Design Philosophy 
The design philosophy for the radiant cooler covers two areas, the size 
of the radiant patches and the geometry of the stages. Design in the first area 
is based mostly on thermal considerations, while that in the second is largely 
mechanical in nature. 
The size of the two-stage radiant cooler will be large enough that non- 
scaling thermal inputs to each stage a re  small compared to the total power 
radiated by that stage. In the best design these thermal loads which do not 
scale dawn with a decrease in patch size are  reduced to conduction by way 
of electrical leads and radiation by way of the opening from the optics to the 
detector. 
In the single-stage 200 degree K cooler, the important non-scaling 
thermal inputs are radiative couplings to the cell housing and suspension wire 
attachment areas. They are the result of a combination of optical layout, de- 
tector cell housing requirements, and wire suspension system. In the two- 
stage cooler, the important non-scaling inputs are in the second (cooler) stage, 
which determines the size of the cooler, for the most part, since its size sets 
the scale of the first (warmer) stage. Non-scaling inputs in the second stage 
are conductive coupling through the electrical leads and r d a t i v e  coupling 
through the optical opening to the detector. The electrical leads cannot be 
reduced in cross-section o r  increased in length beyond a certain point because 
of the increasing electrical resistance and, in the case of long wires, the 
difficulty of mechanical support. By mounting the spectral filter on the first 
stage, the use of a small detector opening, and the proper placement of baffles, 
the radiative coupling between the relay optics and the detector can be made 
very small. Radiative coupling between stages via the optical opening is negli- 
gible in such an arrangement. In the first stage, the important non-scaling 
thermal input is probably the radiative coupling through the optical opening. 
The design philosophy with respect to size is therefore to have the scale 
large enough that the non-scaling thermal inputs to a given stage are a small 
fraction of the power radiated by that stage, 
optical and electrical design and simplifies the thermal design of the cooler by 
keeping it largely independent of electrical and optical requirements. 
This permits some flexibility in 
5 
In addition to the size, the relative dimensions and angles of each stage 
must be determined. This is accomplished by minimizing the ratio of cone 
length (distance from a patch of zero thickness along the patch normal to the 
end of the cone) to patch size in the vertical and horizontal planes of the cooler, 
subject to the constraints that there are maximum patch look angles in each 
plane (Appendix I). The vertical plane is the plane through the center of the 
earth and the center of the patch, in which the maximum look angle is set by the 
tangent to the earth's surface. The horizontal plane is perpendicular to the 
vertical plane, goes through the center of the patch, and is parallel to a plane 
tangent to the earth's surface at the subpoint of the satellite. This procedure 
provides the required patch area within the minimum cone length, which 
minimizes the volume occupied by the cooler and aids in soujnd vibration design. 
In the second stage, it has the added advantage of minimizing the surface area 
of the second-stage cone, which is a source radiative thermal load to the first 
stage. Minimizing the cone length to patch length ratio in the vertical and 
horizontal planes subject to maximum look angles in these planes determines 
the cone angles in each plane and the aspect ratio of the radiant patch. 
3.2 Design Constraints 
The above design philosophy has meaning only in the presence of con- 
straints on the design of the cooler. Setting the sizes of the cooling patches, 
i. e. , their radiant power levels, is necessary because of non-scaling thermal 
inputs. Minimizing the cone length to patch size ratio is necessary only when 
the patch must have a restricted angular view to avoid coupling to external 
radiant sources; otherwise, no cone at  all is required. 
In the first stage, the maximum patch look angle in the vertical plane 
is set in one direction by the earth and in the opposite direction by the satellite. 
The cooler will be symmetrical about the patch normal in the vertical plane with 
the maximum look angle set by the requirement that the patch not view the earth 
from an altitude of 600 nautical miles. In the horizontal direction, the maxi- 
mum look angle is larger, but is eventually limited by the spacecraft and adjacent 
instruments. The cooler will have a maximum look angle (measured with respect 
to the patch normal) of 60 degrees in the horizontal plane. 
The maximum look angle of the second stage is set in both planes by 
the requirement that its patch have no view or only a very small view of the 
cone of the first stage, which is an external radiant source to the second stage. 
As a result, the maximum look angles are smaller in the second stage than in 
the first. 
The scale factor between the two stages might be set by the non-scaling 
thermal inputs in each stage. In reality, however, a third type of design con- 
straint usually sets the relative size. The radiant power of the second stage 
should be a small fraction of the radiant power of the first stage, so it does not 
affect the thermal performance of the first stage. In addition, the cone for 
6 
b 
the second stage is a source of radiative thermal input to the first stage but 
does not add significantly to the radiant power of the first stage. The second 
stage should be large enough to overcome its non-scaling thermal inputs, but 
not so large that its cone loads down the first stage, thereby increasing its 
temperature and that of the second stage. These are not very precise con- 
straints, but they do tend to set the range of the scale factor between stages. 
3.3 Basic Dimensions and Angles  
The combination of design phiiosopny and design constrainis gives a 
procedure for designing the basic radiant cooler. The non-scaling thermal 
loads on the second stage set the size or range of sizes on its patch area. The 
cone for the second stage is then designed to have the minimum length which 
will limit the view factor (fraction of radmnt emission) from the second-stage 
patch to the first-stage cone to a small value. Unfortunately this cannot be done 
precisely without knowing the size and design of the first stage. A first approxi- 
mation can be made, however, by determining the geometry of the first stage. 
This is accomplished by minimizing the cone length to patch dimension ratio in 
the vertical and horizontal planes subject to the maximum look angles in these 
planes. This procedure determines the vertical and horizontal cone angles and 
the patch aspect ratio of the first stage (i. e. , its geometry). This same 
geometry then serves as a first approximation to the geometry of the second 
stage and therefore gives a preliminary design for the second stage. 
The size of the second stage plus the constraints on relative stage size 
then set the approximate scale for the first stage. It is then necessary to cal- 
culate the view factor between the second-stage patch and the first-stage cone 
and to increase the length of the second-stage cone until the view factor is 
reduced to an acceptable value. It may then be desirable to alter the geometry 
of the second stage a little to see if its cone length can be reduced for the same 
patch area while maintaining the small view factor. 
The basic dimensions and cone angles of the first stage are shown in 
Figure 2 and of the initial design of the second stage in Figure 3. It was found 
necessary to alter the cone angles in the second stage in order to reduce the 
thermal loading on the second-stage cone (first stage) by external sources 
(Section 3.4). The dotted lines in each figure show the vertical sectim of the 
stage and the solid lines the horizontal section. The sketches do not show the 
support for the second-stage patch (Section 4.9,  the holding mechanism for the 
first-stage patch, or the in-orbit support for the first-stage patch. Also not 
shown ia the additional radiative shielding which may be placed on the outside 
of the first-stage cone (Section 4.2). 
.The second-stage patch has  a total (both sides) radiating area of 1.81 
square inches. The power radiated by this area at 77 degrees K is considerably 
larger than the non-scaling thermal inputs to a well-designed second stage. 
7 
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Figure 3 1t:itial 2nd Stage Basic Dimensions (In Inches) Full Scale 
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The geometry of the first stage was  determined by minimizing the cone length 
to patch dimension ratios subject to a maximum vertical view angle of 31,5 
degrees (angle between patch normal and tangent to earth from 600 nautical 
miles) and a maximum horizontal view angle of 60 degrees (Appendix I). This 
set the vertical cone angle of the first stage at 13.5 degrees, the horizontal 
cone angle at 18 degrees, and the patch aspect ratio at 6.13. 
The cone length of the second stage was  initially set so that a ray from 
the center of the cone opening in a cone 2.9 inches long did not strike the cone 
of the first stage in the vertical and horizontai pianes. Tine patch aspect raiio 
was then determined by minimizing the cone length to patch dimension ratio in 
the vertical and horizontal planes subject to the above look angle constraint. 
This set the vertical cone angle40f the second stage at 11 degrees, the hori- 
zontal cone angle at 18 degrees, and the patch aspect ratio at 6.98, The cone 
length of the second stage was then increased until the estimated increase in 
the second-stage temperature produced by radiant coupling between its patch 
and the first-stage cone was  reduced to the order of 1 degree K. This was 
done by considering all rays in the vertical and horizontal planes and not just 
those passing through the center of the end of the cone. 
le@ was  3.3 inches, which reduced the view factor (fraction of emitting 
radiation striking the first-stage cone) to zero in the horizontal plane and 
0.025 in the vertical plane (Appendix VI). A f t e r  increasing the cone length, 
the length to patch dimension ratios are no longer minima, but they should 
be close to minima. In addition as mentioned above, it was  found necessary 
to change the cone angles (Section 3.4). 
The resultant cone 
In the design Shawn, the determination of the second stage cone was  
carried out after fixing the size of the first stage. 
length of the first stage was set at 11.5 inches (total cooler length of 23 inches). 
Specifically, the cone 
The first  stage patch has a total area (exclusive of the area occupied 
by the second stage) of 70.6 square inches. The linear scale factor from the 
second to the first  stage based on the area included in outside patch dimensions 
is 6.45. Based on patch radiating areas, it is 6.26. 
As mentioned under Design Constraints, it is a bit difficult to determine 
the proper scale between stages. The non-scaling thermal loads on the second 
stage set a lower limit to the size of the second-stage patch, and the radiative 
load on the first stage by the cone for the second stage sets an upper limit to 
the cone size for the second stage. Experimental data may help to more 
accurately determine the best scale factor between stages. 
10 
.- 3.4 Modification of Second-Stage Design 
The second stage of the two-stage radiant cooler was modified to reduce 
the loading on the first stage by radiant flux incident at angles beyond the maxi- 
mum look angles of the first-stage patch, Such flux can be trapped between the 
cone for the first stage and the cone for the second stage over a small angular 
range starting with the maximum look angle, If the inside angle of the first- 
stage cone equals the outside angle of the second stage cone in the vertical and 
horizontal planes, the two cones form radiant condensers to the first-stage 
patch in these planes, that is, any flux reflected between the two cones eventu- 
ally strikes the first-stage patch. To reduce this thermal loading, the inside 
angles of the second-stage cone were reduced subject to the constraints that the 
second-stage patch area and cone length remain unchanged, and the small view 
factor (- 0.025)  between the second-stage patch and first-stage cone be pre- 
served (Appendix VI). The outside angles of the second-stage cone were made 
smaller than the inside angles so that no radiant flux incident between cones a t  
angles greater than the maximum look angle reaches the first stage patch in 
either the vertical or horizontal planes. 
The modified second-stage cone is discussed below, and an estimate is 
made in Appendix N of the thermal input to the first stage (radiation absorbed 
by the second-stage cone) from external sources. 
The redesigned second-stage cone is shown in the vertical and horizontal 
planes in Figures 4 and 5. Small changes were made in the basic design of the 
second stage given in Section 2.1 to determine different patch aspect ratios and 
cone angles that preserved or reduced the view factor between the patch and the 
first-stage cone for fixed patch area and cone length. It was found that any change 
in the patch aspect ratio increased the view factor. On the other hand, the cone 
angles in the vertical and horizontal planes could be varied by about +2 degrees 
with little or no change in the view factor. The inside cone angle in the vertical 
plane was therefore reduced from 11 degrees to 9 degrees and in the horizontal 
plane, from 18 degrees to 16 degrees. The outside cone angle was  set at 
4 degrees in the vertical plane and 8 degrees in the horizontal plane. 
A s  shown in the sketch of the vertical plane of the modified second stage, 
a ray from the horizontal edge of the mouth of the first-stage cone incident at 
the maximum first-stage look angle of 31.5 degrees is reflected five times from 
the second-stage cone before leaving the inter-cone space. If the ray at 31.5 
degrees is moved toward the center of the mouth of the first-stage cone, the 
number of reflections at the second-stage cone is reduced until, at about 3.8 
inched from the horizontal edge, it no longer goes into the inter-cone space. 
1 Estimated by means of a scale drawing. 
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Full Scale 
Figure 4 Tlodified Second Stage: Vertical Plane 
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As the 31. degree ray is moved in the vertical plane across the mouth 
of the first-stage cone, its path to the second-stage cone changes in the following 
manner. The ray first gets in the inter-cone space after one reflection from the 
first-stage cone; it then goes into the mouth of the second-stage cone, after one 
reflection from the first-stage cone, and is reflected a few times before exiting. 
Next, the 31.5 degree ray goes into the inter-cone space on the opposite side 
after two reflections at the first-stage cone. It then again enters the mouth of 
the second-stage cone for a very small look (following two reflections at the 
first-stage cone) and finally, at 3.8 inches from the edge, misses the second- 
stage cone aitogether. 
In addition, the number of reflections at  the second-stage cone decreases 
with increasing look angle. In the vertical plane, rays at angles greater than 
about 43 degrees to the patch normal do not see the second-stage cone, as shown 
in Figure 4. 
In the horizontal plane, rays at angles between 60 degrees and 65 degrees 
to the patch normal are reflected from the second-stage cone before leaving the 
cooler, as shown in the sketch of the horizontal plane (Figure 5). A ray incident 
at 60 degrees and at a distance of 3.8 inches2 from the vertical edge of the mouth 
of the first-stage cone just misses seeing the second-stage cone. No rays in the 
horizontal plane incident at 60 degrees or more enter the mouth of the second- 
stage cone. 
2 Estimated by means of a scale drawing. 
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- -  4 . 0  DETAILED DESIGN AND COOLER PERFORMANCE 
The basic design described in Section 3.0 served as the framework for 
a detailed design and analysis of the construction and performance of the two- 
stage radiant cooler. The design and analysis began with the outer surface of 
the cooler andproceded inward to the first-stage cone, first-stage patch, and 
second-stage patch. Related structures and design problems are also covered; 
these are an earth shield for the first-stage cone, mechanical supports for the 
outer surface and first-stage cone, supports for the radiant patches, and design 
of the relay optics. 
4.1 Outer Cooler Surface 
The radiant heat loads on the outside surface of the two-stage radiant 
cooler together with the infrared emissivity and solar absorptivity of the sur- 
face determine the temperature of the surface. Because of the large thermal 
time constants of some components between the outside surface and the first- 
stage patch (Appendix V), only average values of the thermal loads need to be 
considered. 
is calculated in Section 5.3, which covers the simulation of in-orbit thermal 
conditions. 
The temperature of the outer surface during space chamber tests 
The outside of the two-stage cooler is sketched in Figure 6. Side 1 
faces the radiometer baseplate, side 2 views the earth and cold space, and 
sides 3 and 4 view the earth, radiometer baseplate, and cold space. In addition, 
sides 3 and 4 are exposed to direct sunlight during part of an orbit. The space- 
craft is assumed to be earth-oriented with the cooler on the earth side and to be 
travelling a circular, sun-synchronous polar orbit. The fact that some direct 
sunlight falls on side 2 in the vicinity of the poles is offset byassumingthe space- 
craft provides no shading of sides 3 and 4. Sides 5 and 6 are the mouths of the 
first stage cones; thermal flux entering these areas loads the cones and not the 
outer surface. The contribution of the inward-facing sides of areas 1, 2, 3, 
and 4 to the thermal balance of the outer surface will be neglected. That is ,  
the cooler will be treated as if it were a hollow box with the inward-facing 
sides looking into each other and producing no net thermal load. This is a good 
approximation since the outward-facing sides of areas 2, 3, and 4 will have a 
high infrared emissivity (and low solar absorptivity), while the inward-facing 
surfaces of all areas will have a low infrared emissivity. Finally, it is assumed 
that all the outer surfaces, areas 1 through 4, are in good thermal contact 
(i. e. , have high thermal conductivity bases which are efficiently joined), so that 
the outer cooler surface is isothermal. 
The net radiant flux absorbed by the horizontal surface of area A 1  
facing the radiometer baseplate is 
15 
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Figure 6 Outside of Two-Stage Cooler 
N 
t 
Spacecraft 
I / /  = Surface of Earth Seen From Specified 
Area on  Outside of Radiant Coder  
S 
2 9 , ~  - spherical coordinate angles at center of earth, with pole in direction 
of sun (through subpoint) 
cos -9 - cosine of angle between normal to surface clement and direction to sun 1 
I 
. Figurc 7 Coordinate System For Calculation of cos 9' with SunNorma1 to SuhpQint Arra 
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. - assuming that the two surfaces a re  plane-parallel and both covered with a 
material of emissivity el. wb is the blackbody emittance of the radiometer 
baseplate and CT the Stefan-Boltzmann constant. 
We will neglect the conductive thermal input from the baseplate. By 
careful design, it should be possible to make it no larger than the above radia- 
tive input, which would increase Ts by about 2 degrees K (See SectiDn 4.4). 
The radiant flux absorbed by side 2 is given by 
where 
e2 = emissivity of sides 2, 3, and 4 
A 1  = A2 = area of side 2 
cy2 = solar absorptivity of sides 2, 3, and 4 
FZe = view factor from area 2 to earth 
We = average infrared emittance of the earth 
Ws = average equivalent earthshine (reflected sunlight) 
emittance of the earth. 
The view factor Fi. from surface i to surface j is the fraction of radiation 
emitted by i that sh ikes  j. Thus the radiant infrared flux emitted by the earth 
which strikes the area A2 is AeFe2We where A, is the area of the earth's 
surface which can be seen from area 2. However, (M. Jakob, "Heat Transfer", 
Vol. 11, Wiley, 1957, p. 9) AeFe2 = AZFZe for diffuse emitters. 
ignore multiple reflections between the earth and side 2, the infrared earth flux 
absorbed by side 2 is E ~ A ~ F ~ ~ W , .  
Since we can 
Finally, the radiant flux absorbed by sides 3 and 4 is 
where 
Fse = view factor to earth from side 3 
FQb = view factor to radiometer baseplate from side 3 
So = solar constant = 0.14waW/cm2 
. The factor So a2/2 a is the average direct solar irradiance absorbed by side 3 
(or side 4). It was calculated from 
The factor 1/4 accounts for the fact that A 3  intercepts sunlight directly only 
one-quarter of the time. The remaining accounts for the fact that the irradi- 
ance is proportional to the fraction of A3 projected in the direction of the sun, 
and gives an average value for this factor. The above assumes there Is no 
shading of A3 and A4 by the spacecraft. 
Equating the absorbed power to the power emitted by sides 2, 3, and 4, 
we obtain the thermal balance equation for the outer surface of the two stage 
cooler 
Dividing through by A 3  €2 and arranging in terms of emittances, we obtain 
1 
A1 €1 
1 = wb (2 F3b + 2 
E2 
4 A1 A 1  €1 
A 3  A3 €2 
a T S  (2+-  + 
2 
€2 
a! 
+ - . -  
3r (3 1 
For a maximum baseplate temperature, Tb, of 308 degrees K, 
wb = u ~~4 = 5.1 x 10-2 watts/cm2. we will assume that W, is directly 
proportional to the average cosine of the angle between the normal to the 
earth's surface seen from the spacecraft and the direction of the sun, a s  in 
Appendix II. With the subpoint of the spacecraft at the point where the sun 
is perpendicular to the earth's surface, the average value of this cosine is 
given by (See Figure 7). 
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T o  r"0 sin 6 cos 6d 9d cp -6n '0 cos 8' = 7 s i n 9 d 9 d  cp 
2 Po (1-cos 2 (1 -cos ao0) 
(4) 
(5) 
The bottom integral is the solid angle subtended at the earth's center by the 
earth's surface seen from the satellite. The top integral is the same solid 
angle weighted by the cosine of the angle between surface element normals 
and the direction to the sun. Note that the result is independent of cpo so that 
it can be used for both sides 2 and 3. For a satellite in circular orbit at 600 
nautical miles altitude, 9 = 31.5 degrees and cos 8' = 0.926. The average 
cosine of the angle between the normal to an area at the subpoint and the sun is 
2 
K if 
cos 8 d  9 =  - - 2 j" 
0 
for a polar, sun-synchronous orbit. Since half the earth is sun illuminated, 
the average equivalent earthshine emittance is 
(7 1 2 1 -2 2 Ws = 0.926~ - x - A So= 1.65 x 10 watts/cm 
K 2 
where A is the average solar reflection factor for the earth, equal to 0.4. 
From Appendix IV, We = 2.1 x watts/cm2. The view factor from 
side 2 to the earth is (Figure 8). 
2r 58.50 
2 
~ 2 e =  + J J sin9cos Sd 9d cp= sin 58.5' = 0.7270 (8) 
0 0 
for a satellite in circular orbit at an altitude of 600 nautical miles. 
factor from side 3 to the earth is 0.183 (Appendix VII). 
The view 
- 22- 69" + 2 o  5" 
8. 03" + 2. 5" = 2.39, F3b = 0.3, For - - A 8  (9) 
k €1/9 = 0.1, and the above values of emittances and view factors, the thermal 
balance equation for the outer surface becomes 1 
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It Line to Earth 
CP r-- spherical coordinate angles at A2 with pole along normal to A2 
Figure 8 View Factor from Side 2 to Earth 
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2 
o! 
4.51 u T,* = 80.91 x + 79.29 x - 
€2 
For 
a2/c2 = 0 .1 ,  Ts = 243 degrees K 
C Y ~ / E ~  
= 0.2 ,  Ts = 248 degrees K 
a2/e2 = 0 .3 ,  Ts = 253 degrees K ) 
The temperature of the outer surface over a range of baseplate 
temperatures is given in Table 1 for a2/c2 equal to 0.2. 
Table 1 
Variation of Outer Surface Temperature with Baseplate Temperature 
35 248 
25 244.5 a2/e2 = 0 . 2  
15 242 
5 239.5 
4 . 2  First-Stage Cone 
An important parameter in determining the temperatures achieved in 
the two stages of radiant cooling is the temperature attained by the inner surface 
of the first-stage cone. Sources of thermal loading on the cone are the outside 
cooler surface and external sources of radiation. Sufficient multi-layer insula- 
tion (R. H. Kropschot, Chapter 6 in "Applied Cryogenic Engineering", Wiley, 
1962) can be placed between the outer cooler surface and the cone to make the 
thermal load from the first source negligible compared to that from external 
sources. 
infrared radiation and, in the daytime, reflects sunlight to the cone. 
The most important external source is the earth, which emits 
Absorption of earth radiation in the cone is strongest in the vertical 
plane of the cooler. We will use the vertical plane values for absorption of 
earth infrared and earthshine. To offset this, cone absorption of spacecraft 
infrared will be neglected. Even then, the resultant heat load probably over- 
states the actual case. The view from the cone to the spacecraft in the hori- 
zontal plane is very small, and in the direction opposite to the earth is smaller 
21 
I . . than the view of the earth. Also ,  in the latter direction it is possible to cover 
the spacecraft area seen by the cone with a low emissivity material. I 
The thermal loads on the cone are balanced by its emission to the first- 
stage of the cooler and to the outside (by way of its opening or mouth). 
average of vertical plane and horizontal plane values will be used for cone 
emissivities, since there is no concentration of emission around any particular 
direction. 
The 
Dui-s sp=ae &mL&r  SAG of A&e emlei, 4&eic be Ec &L-ect 
loading of the first-stage cone by external sources. A t  the same time, there 
will be increased loading of the outer surface by ambient sources. Haw to 
obtain in-orbit thermal simulation under these altered loading conditions is 
considered in Section 5.3. 
I 
Because its solar absorptivity is greater than its infrared absorptivity 
(emissivity), the largest thermal load on a gold-coated cone is produced by the 
earthshine. However, coatings with a lower solar absorptivity seem to have a 
higher emissivity which reduces the cone temperature but increases the radiant 
coupling from the cone to the first stage. In any case, it may be desirable to 
provide the cooler with an "earth shield" which replaces some of the earth 
radiation with low-emissivity infrared radiation at the temperature of the out- 
side cooler surface (Section 4.3). The following calculations are for the case 
of no earth shield. 
4.2.1 Thermal Balance Equation 
For sufficient multi-layer insulation between the outer cooler surface 
and the first-stage cone, the radiant flux absorbed by the (inner surface of the) 
first-stage cone is 
where 
A, = surface area of.the cone 
= infrared absorptivity of the cone for earth radiation 
ace = absorptivity of the cone for earthshine (reflected sunlight) 
We = average infrared emittance of the earth 
I W, = average equivalent earthshine emittance 
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4 The cone at a temperature Tc emits a radiant power of A, aTc 
out the cone mouth, where cCX is the effective external cone emissivity and ff 
the Stefan-Boltzmann constant. The cone also emits a net radiant power to the 
eCX 
I first-stage patch and second-stage cone of 
where 
Tp = temperature oi the first-stage pakh aid eecsiiit- 
stage cone 
- 
CP - effective emissivity from the first-stage cone to 
the patch 
E 
cCC2 = effective emissivity from the first-stage cone to 
the second-stage cone 
Since Tp4 is much less than Tc4, we may approximate this by 
4 
*c  Tc (Ecp + 5 x 2 )  
Equating the absorbed radiant power to the emitted power, we obtain 
the thermal balance equation for the first-stage cone 
or 
ci 
%X + Ecp + ECC2 
4.2.2 Effective Emissivities and Absorptivities 
In order to calculate the in-orbit cone temperature from equation 12, 
we must first determine the values of the effective absorptivities in the numer- 
ator and effective emissivities in the denominator. 
To obtain the effective cone to patch emissivity, eCp, consider the net 
radiative exchange between the first-stage cone and the first-stage patch, which 
is given by equation II12 in Appendix 11. 
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- - where 
= radiating area of the first-stage patch AP 
- 1 - I: fn(1 - E ~ ) ~  = effective emissivity from the 
first-etage patch to the first-stage cone. 
pc n=O 
E 
4' 
fn = view factor from the patch to the cone area initially 
intercepted by rays from the patch mat require n 
reflections to go out the cone 
E~ = true surface emissivity of the cone 
If the radiant exchange is written in terms of the cone area, A,, we may 
define an effective emissivity from cone to patch, cCp, by the equation 
-T 4, = u Ap cpc (Tc 4 4  -Tp ) 
CAC Ecp (Tc p 
or 
This may be considered a form of the reciprocity relationship between view 
factor and area (M. Jakob, "Heat Transfer" Vol. 11, Wiley, 1957, p. 9) in 
which the view factor has been replaced by a parameter dependent on surface 
emissivity and view factors under multiple reflections (the radiative inter- 
change factor used by Jakob on p. 5). 
The effective patch to cone emissivity was calculated for the horizontal 
and vertical planes of the first stage of the basic cooler described in Section 
3.3 using the technique outlined in Appendix I1 (see Appendix Ill). This technique 
assumes right circular cones having the geometry in the plane and that the patch 
area is concentrated at its center (i. e. , is strictly true for rays from the center 
of the patch). The view factors, fn, obtained during this calculation are listed 
in Table 2. 
Table 2 
View Factors for Calculation of Patch to Cone Emissivity fn 
n Vertical Horizontal 
0 0.112 0.494 
1 0.569 0.506 
2 0.319 
24 
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Neglecting the presence of the second-stage cone, radiation from the 
patch center requires no more than two reflections off the cone walls to go to 
cold space in the vertical plane and no more than one in the horizontal plane. 
The average gold-coated surface (cone, back of patch, and cylinder) emissivity, 
E 
face emissivity, the patch to cone effective emissivity values are (equation 13). 
of the single-stage cooler is 0.086 (Appendix II). Using this value of sur- g’ 
€PC (horizontal) = 0.044 (16) 
- 0.103 . 
to cone emissivity is 0.0735. For 
2 . 4 7 ~ 1 5 . 1 8  = 0,065 
576 
(dimensions of cooler described Section 3.3), the average effective cone to 
patch emissivity is, from equation (15). 
eCP = 0.00478 (18) 
Since the calculations of the view factors, fn, were based on the geometry in 
the absence of a second-stage, the first-stage patch area (Ap) used is the value 
without a second stage. 
The effective emissivity from the first-stage cone to the second-stage 
cone can be defined by (See equation05)) 
- Ac2 
AC 
%2c %C2 - (19) 
where Ac2 is the outer surface area of the second-stage cone and ~~2~ is the 
emissivity from the second-to the first-stage cone. Since the second-stage 
cone has roughly the same geometric position in the cooler as the first-stage 
patch but is gold-coated, we  have the approximate relation 
%2c 
where the factor 1/2 accounts for the gold surface of the second-stage cone. 
Then 
Using equation (15) this becomes 
25 
. - And the thermal balance equation (12) becomes 1 
L 
a! aTc4 = 'ccwe + ceWs 
1 
1 AC2 ( l + -  -
AP ECX + CP 
(23 1 
The equation for the effective external emissivity, is derived in 
I Appendix Vm. The result is 
[ l -  fn' ( l  -Eg)n j - Am n = O  ECX - (24) 
, where 
Am = area of cone mouth 
frit = view factor from the cone mouth to the cone area last 
intercepted by r ays  from the cone requiring n-1 
reflections at the cone wall to go out. 
The view factors, fn', from the center of the cone mouth are given in Table 3 
for right circular cones having the dimensions of the vertical and horizontal 
cooler planes described in Section 3.3.  
Table 3 
View Factors for Calculation of Cone External Emissivity 
fn' 
n Vertical Horizontal 
0 0.0116 0.306 
1 0.1597 0.348 
2 0.2189 0.308 
3 0.238 0.038 
4 0.229 0 
5 0.1428 0 
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For a surface emissivity, cg, of 0.086 and for Am/Ac = 182.2/576 
= 0.316 (cooler dimensions in Section 3.3), the effective cone external emis- 
sivities are then 
cCX (vertical) = 0.0718 
cCX (horizontal) = 0.0285 
and the average external emissivity is 0.05015. 
I 
The effective cone absorptivity for earth radiation, ace, is related to 
the effective cone mouth absorptivity for earth radiation, %e, by 
(26) 
The expression for the effective absorptivity of the cone mouth for earth 
radiation is derived in Appendix Mfor a cone having right circular geometry, 
The result is 
where 
% = the absorptivity for n. cone-wall reflections 
Fm-Aen = view factor from the cone mouth to the eakth 
area whose radiation is reflected n times at the 
cone walls 
, The values of Fm-~,, are given in Table 4 for a truncated right circular cone 
having the geometry of the vertical cooler plane (Section 3.3) together 
Table 4 
Parameters for Calculation of Cone Mouth 
Absorptivity for Earth Radiation 
0. 03285 0.086 0.22 
0.0555 0.1646 0.3916 
0.06285 0.2364 0.5255 
0.0320 0.3021 0.6299 
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. - with the values of an for earth infrared and earthshine. The cone surface is 
assumed to have an infrared absorptivity (emissivity) of 0.086 and a solar 
absorptivity of 0.22 (Appendix IV). Using the parameters listed in Table 4 
in equation (27), we obtain 
And the effective cone absorptivities a re ,  for an area ratio Am/Ac = 0.316. 
€ce = 0.0115 
vertical values 
ace = 0.0260 
The gold emissivity value of 0.086 is an estimate of the average value 
for all gold-coated surfaces in the single-stage, 200 degrees K radiant cooler 
(Appendix V). This represents a worst case; removal of the cylindrical 
structure and the pld-coating of one side of the radiant patch should decrease 
this value. In order to represent a ltbest't case and give a range of possible 
temperatures, we have selected the values of eg = 0.02 for infrared emissivity 
and cyg = 0.183 for solar absorptivity of the gold surfaces. These values were 
measured for evaporated gold by W. B. Fussell, J. J. Triolo, and J. H. 
Henniger (article 11 in NASA SP-31, "Measurement of Thermal Radiation 
Properties of Solids", ed. by J. C. Richmond, 1963). The effective emissivity 
and absorptivity values necessary to calculate the temperatures of the first- 
stage cone and patch are listed in Table 5 for these values of gold emissivity 
and absorptivity. 
Table 5 
Effective Emissivities and Absorptivities 
for Eg = 0.02 and cyg = 0.183 
Vertical Horizontal Average 
0.00156 0.000651 .o -001 1 €CP 
ECX 0.01812 0.00676 0.00940 
- - %e 0.00285 
ace 0.0224 - - 
0. 024 0.010 0. 017 w E 
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4.2.3 In-Orbit Cone Temperature 
We are now in a position to calculate the in-orbit temperature of the 
first-stage cone using equation (23) and the above emissivity and absorptivity 
values. For the second stage design described in Section 3.3, the area ratio 
1/2 Ac2/Ap equals 0.492. Using the vertical plane values of absorptivity given 
in equations (29) and the average values of emissivities, equation (23) yields, 
for Eg = 0.086 and cLg = 0.22 
(30) 
2 =TC = 1.17 x watts/cm 
for We = 2.1  x w/cm2 and Ws = 1.65 x w/cm2 (Section 4.1). And 
Tc = 213degreesK (31) 
I 
~ This result is independent of the outer surface temperature and, therefore, 
I of the radiometer base temperature. 
For cg-= 0.02, ag = 0.183, and the first-stage geometry of Section 3.3, 
equation (23) yields 
aTc4 = 3.88 x watts/cm2 
Tc = 287 degreesK 
This cone temperature is higher than the temperature of the outside surface of 
the cooler (Section 4. l), which lies in the range 240 - 253 degrees K. In this 
case the multi-layer insulation between the cone and outside surface should be 
removed and the two surfaces thermally connected. The cone wil l  then attain 
the temperature of the outer surface, since the net amount of radiant power 
absorbed by the cone is a very small fraction of that radiated by the outer 
surface (See Appendix X). In general it pays to remove the multi-layer insula- 
tion for Eg less than or equal to a b u t  0.04 (assuming Qrg remains in the vicinity 
of 0.2). The following condition then prevails 
Tc = Ts = 240 - 253 degrees K (33) 
For low values of gold emissivity, the temperature of the first-stage thus 
varies slightly with the radiometer base temperature (Section 4.1). 
4.2.4 Pawer Density Through Multi-Layer Insulation 
Good multi-layer insulation has an equivalent thermal conductivity in 
I the temperature range of interest of about 0 .5  x watts/cm degrees C 
(R. H. Kropschot, op. cit. ). For a one inch thickness of insulation and a 
temperature difference of 248-213 = 35 degrees C, the power density at the 
I first-stage cone is 
29 
The absorbed power density at the first-stage cone produced by external sources 
(numerator of equation (23)) is 6,71 x watts/cm2. The power density from 
the outside surface is then only about 1 percent of that absorbed from external 
sources. This would increase the cone temperature approximately 1/4 percent 
(0.5 degrees K). 
For an average gold surface emissivity of about 0.04 or larger it is 
beneficial to provide multi-layer insulation between the outer cooler surface 
and the first-stage cone (Section 4.2). The cone is then thermally isolated 
from the outer surface, and the cone's temperature is determined by thermal 
loading by earth infrared and earthshine. The addition of earth shields to the 
cooler would then reduce the cone temperature and therefore the temperature 
of the first-stage. An earth shield substitutes low emissivity infrared radia- 
tion at the temperature of the outer cooler surface (240 to 253 degrees KJ for 
the reflected sunlight and infrared radiation of the earth. 
A simple earth shield is shown attached to the cooler in Figure 9. The 
radiant power from this shield that is absorbed in the walls of the first-stage 
cone is negligible compared to the power from the earth absorbed in the walls. 
It is also shown below that the shield reduces the cone temperature by about 
14 degrees K for a gold surface emissivity of 0.086 and gold solar absorptivity 
of 0.22. 
assumed that the shielding from the center is equal to the average shielding 
over the entire cone mouth. 
The shield was designed for the center of the cone mouth; it is 
4.3.1 Power Absorbed in a Unit Cone Area 
For sufficient multi-layer insulation between the outer cone surface 
and the first-stage cone, the radiant flux absorbed by the first stage cone is 
(Section 4.2.1) 
A c  (ece We + %e Ws) (35) 
where 
A, = surface area of cone 
E C ~  = infrared absorptivity of cone for earth radiation 
ace = absorptivity of cone for earthshine 
We = average infrared emittance of earth 
W, = average equivalent earthshine emittance 
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, . Upon adding the earth shield, this is modified to 
(%e + %e 'Ws + Ecsh Wsh) (36) 
where ECsh is the infrared absorptivity of the cone for shield radiation and Wsh 
shield emittance. The superscript s denotes that a (partial) shield is between 
the cone and the earth; the absorptivity values are then for that part of the earth 
visible from the center of the cone mouth with the shield in place. I 
Using the method described in Appendix IX, the effective absorptivity of 
the cone mouth may be expressed as 
n = O  
where 
an = absorptivity for n cone-wall reflections 
Fvis. = view factor from cone mouth to earth area visible 
in presence of shield whose radiation is reflected 
n times at the cone walls 
m-Aen 
The earth shield shown in Figure 9 lies 2.42 inches below the edge of the cone 
mouth and extends 3.94 inches normal to the cone mouth. From the center of 
the mouth it limits the view of the earth in a vertical plane to angles less than 
58.5 degrees to the mouth normal. The effect of the shield is illustrated in 
Figure 10. Al l  rays from the earth that were reflected once in the cone before 
exiting are blocked by the shield and about 60 percent of those reflected twice. 
The view factor Fm-Aen is therefore zero for n = 1 and decreased for n = 2, but 
it remains unchanged for n = 3 and n = 4 (See Table 4) The view factor for 
n = 2 is cdculated in Appendix X1,and all view factors are listed in Table 6 
together with the infrared and solar absorptivities for a gold (Eg) emissivity 
of 0.086 and a gold solar absorptivity (ag) of 0.22. 
n 
Table 6 
Parameters for Calculation of Cone Mouth Earth 
Absorptivities With Earth Shield 
0 0.086 0.22 
0.02085 0.1646 0.3916 
0. 06285 0.2364 0.5255 
0.0320 0.3021 0.6299 
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Using equation (37) and the data in Table 6, the effective cone mouth 
absorptivities are, for the shield shown in Figure 9. 
And the effective cone absorptivities are ,  for a mouth to cone wall area ratio 
of 0.816 !eqlE%m (as) ill *tim 4.2; 
= 0.00882 (40) E ce 
Olsce = 0.0194 (41 ) 
Comparing these values with equations in Section 4.2, we see that the reduction 
in absorptivity, or shielding factor, is about 0.77 for earth infrared and 0.75 
for earthshine, watts/cm2 and WS = 1.65  x lov2 watts/cm2 
(Section 4. l), the power from the earth absorbed in a unit area of the cone is from 
equation (36). 
For We = 2 . 1  x 
5.05 x watts/cm2 (42) 
The radiant power emitted by the earth shield that is absorbed in a 
unit area of the cone is given by 
where 
- 'm-sh 
Am = 
emissivity of shield 
temperature of shield = temperature of cooler outer surface 
wsh 
effective absorptivity of cone mouth for shield radiation 
area of cone mouth 
This equation is based on the fact that there are no multiple-reflection effects 
between the cone and shield to enhance absorption. That is, no radiation emitted 
by the shield is first reflected off the cone walls  and then off the shield so as to 
return to the cone. This is true as  long as the shield and cone are specularly 
reflecting. 
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.- If we again assume that the cone mouth is effectively located at its 
center, the value of am-& can be calculated from Table 6 and data in Section 
4 .3  (Table 4). The decrease in the view factor Fm-Aen produced by attaching 
the shield is equal to the view factor to the shield, Fm-Asn. 
Fm-Asn are listed in Table 7. 
I -  
The values of 
Table 7 
View Factors from Cone Mouth to Earth Shieid 
n Fm-Asn 
1 0.03285 
2 0.03465 
2 3  0 
The effective absorptivity of the cone mouth for shield radiation is then, for a 
gold emissivity of 0. 086, 
For Ts = 248 degrees K and csh = 0.1, the shield radiant power 
absorbed per unit area of the cone becomes (equation (43)) 
*s~-c = 5.7 x 10-6 watts/cm2 (45) 
AC 
for Am/Ac = 0.316. This is only about 1 percent of the earth power absorbed 
per unit area (42) and would increase the cone temperature by the order of 
0.6 degrees K. 
4.3.2 Reduced Cone Temperature 
The quantity (42) may therefore be used to calculate the cone temperature 
with the earth shield in place. Using equation (23) in Section 4.2 with the denod- 
nator unchanged (ecx = 0.05015, cCp = 0.00478, and 1/2 Ac2/Ap1 = 0.492) but 
the numerator replaced by the value (a), we obtain 
(46 1 2 uTC4 = 8.81 x watts/cm 
And TC = 199 degrees K (47) 
for E l3 
temperature 
= 0.086 and ag = 0.22. This is a reduction of 14 degrees in the cone 
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.- 4.4 MechanicalSupports 
The two-stage radiant cooler will  be mechanically connected to the 
spacecraft base and to the primary (scanner) casting. The connection to the 
base will be by means of four fiberglas epoxy rods. The housing containing 
the relay optics will be connected to the outer cooler surface, which will, in 
turn, be connected to the primary casting by a fiberglas epoxy spacer. The 
mechanical connections between the first-stage cone and the outer cooler 
surface will depend on the gold surface emissivity within me cooler. For 
sufficiently low emissivity, the first-stage cone will be isothermal with the 
outer surface (Section 4.2.3). For an emissivity on the high side, thermal 
separation of the first-stage cone and outer cooler surface is necessary and 
multi-layer insulation will be used between the surfaces. 
The mechanical supports are shown in Figure 11. The connections 
between first-stage cone and outer cooler surface are illustrated for high gold 
emissivity. The support rods between these two surfaces wil l  then be fastened 
to the outer surface using thermally insulating washers, as shown in Figure 12. 
4.4.1 Outer Surface to Base and Scanner 
A t  a temperature T, the outer surface of the cooler radiates (and 
absorbs) a total power of (Section 4.1) 
where 
€2 = emissivity of outer surfaces receiving sunlight 
A 3  = area of a vertical outer surface I 
For 
Ts = 248degrees K 
E2 = 0.9 
A 3  = 1560 cm2 
equation (48) yields 
B S  = 135watts (49) 
The outer surface reaches a temperature of 248 degrees K with the radiometer 
base at 308 degrees K (Section 4.1). The temperature difference betrween the 
outer surface and base is then 60 degrees K. 
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.- If we allow the supports to conduct 4 percent of the above power to the 
outer surface, this will increase the temperature of the outer surface by about 
1 percent or 2 . 5  degrees K. If there are four support rods, each will then 
conduct 1.35 watts and have a cross-sectional area given by 
where 
1.35 Q1 
K AT1 
A1 = 
l1 = lengthof supportrod 
K = thermal conductivity of rod material 
A T1 = temperature drop from base to outer surface 
~f the rod is made of fiberglas epoxy (Synthane G-IO), K = 7 x 
c m  = 7.46  x 
Technical Plastics, p. 7). 
AT1 = 60 degrees C is then 
c a ~ s e c  oc 
watt/in°C (eem file System, sec. 3100, 3200, Synthane 
The cross-sectional area for P1 = 2 inches and 
A1 = 6.03in2 (51) 
One can therefore use, for example, four rods of 5 inch outside diameter and 
4.15  inch inside diameter directly connected to the base and outer cooler 
surface. 
If the scanner head attains a maximum temperature of 25 degrees C with 
the base at 35 degrees C, the temperature drop across the fiberglas epoxy 
spacer between the scanner head and outer cooler surface will be 50 degrees C. 
If we allow 0.54 watt of conduction through a 1 inch thick spacer, its allowable 
cross-sectional area is 1.45 in2. This is a connection of 2 inch outside 
diameter and quarter-inch wall. The spacer then increases the thermal load 
on the outer cooler surface by only 0 . 4  percent and its temperature by about 
0.1 percent. 
4 . 4 . 2  First-Stage Cone to Outer Surface 
A t  the highest anticipated gold emissivity of 0.086 (Appendix II), the 
first-stage cone reaches a temperature of 199 degrees K with the earth shield 
in place (Section 4.3.2) .  The first-stage cone then absorbs 5.05 x watts 
of incident earth radiation per cm2 of surface area (Section 4.3 .1) .  For a 
surface area of 1152 in2, this amounts to a power of 
If we again allow the supports to conduct 4 percent of the absorbed power, the 
temperature increase of the cone will be about 1 percent or 2 degrees K. 
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If each connection to the outer surface uses two insulating washers 
(Figure 12) of half-inch outside diameter and quarter-inch inside diameter, 
each one-quarter inch thick, the temperature drop across a washer is 
3.75 x 10" x 1/4 
G-2- 16 
- 3.18 x 10-2degrees 
K, (53 1 3 
ATw = 1/2 
'II x -  
where & is the thermal conductivity of the washer material in watt/in°C. 
The factor 1/2 accounts for the fact the washers  arc ,her;m,dlg in pardk?. 
Tipersul fibrous potasium titanate has a thermal conductivity of 1.08 x 
watt/in°C (Appendix B to "Nutation Sensor", Quarterly Report No. 1 on 
Contract No. NAS 5-9592, GCA Corp. , Oct. 1965). Using this material 
for the washers 
ATw = 29.5degrees K (54) 
The maximum temperature drop across the fiberglas epoxy rods is then 
19.5 degrees K, and the allowable cross-sectional area of a rod is given by 
= 2.58 x 10-1 12 h2 3.75 x 1 8  f 2  A2 = 
7.46 x 10-3 x 19.5 
where -P2 is the length of a rod in inches. For 12 = 2 inches, 
A2 = 0.516 in2 
(55) 
This is approximately the area of a 1.5 inch outside diameter rod with an 
eighth-inch wall. 
The relay optics will be housed within a fiberglas epoxy rod (Figure 11). 
There will be about a 4 inch length between the outer surface and it5 connection 
to the first-stage cone. If the rod is connected to the outer surface without 
insulating washers (to ensure proper optical alignment) and has a 1.5 inch 
outside diameter and 1/32 inch wall, it will conduct 
CP, = 1 . 3 5 x 1 0 - ~ w a t t  (57) 
from the outer surface to the cone. This is less than 0.4 percent of the 
external power absorbed in the cone and would increase the cone temperature 
less than 0.1 percent (0.2 degree K). 
4.5 In-Orbit Support for First Stag e 
An in-orbit support for the first stage of the radiant cooler (first-stage 
patch and second-stage cone) is needed to maintain alignment after release of 
the caging mechanism used to hold the first stage during powered flight. The 
design of the support is shown in Figure 13. The support is a hollow rod of 
low thermal conductivity material, such as fiberglas epoxy (Synthane G10). 
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. ~ This form of support has simplicity, high torsional rigidity, and high thermal 
resistance. 
The hollow rod is gold coated on the outside and wrapped with two layers 
of aluminized mylar to reduce radiative coupling from its surface area. Radi- 
ative coupling is further reduced by cylindrical inserts mounted to the outer cone 
facing and first-stage patch; these inserts are gold coated on their inner surface. 
The ends of the rod contain gold-coated plugs to reduce radiative exchange 
through the center of the rod. 
holes (not shown in Figure 13) for venting the inner volume to  space. 
The rod and its wrapping shoi_?ld ccm+An esme 
The thermal inputs to the first stage from the in-orbit support are a 
very small fraction of the total radiant power from the first-stage patch, as 
shown by the following calculations. 
The conductive thermal input down the support rod is given by 
K - 2 'R ro 6 .  A T  
!3c = 
P 
where 
K = thermal conductivity of rod material 
ro = radiusofrod 
6 = thickness of rod wall 
P = length of rod 
A T = temperature difference between outer cone wall 
and first-stage patch 
In orbit the temperature of the outer cone surface is very nearly the 
same as that of the inner cone wall. If multilayer insulation is used, this is 
SO because the thermal coupling through the insulation to the outer surface is 
negligible (Section 4.2.4). On the other hand, if the gold emissivity is low, the 
inner cone wall is made isothermal with the outer surface (Section 4.2.3). The 
maximum temperature difference between the first-stage cone (Section 4.2) and 
the first-stage patch (Section 4.7) is 150 degrees K at the low gold emissivity 
value of 0.02. The thermal conductivity of fiberglas epoxy is 7.46 x 
watt/in°C (Section 4.4). Then, for 
ro = 1/8 inch 
1.5 x inch - 6  
4 inches - I 
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. - the conductive thermal input is 
BC = 3.30milliwatts 
For a gold emissivity of 0.086 and the earth shield in place, the temperature 
difference is reduced to 88 degrees K and the conductive input to 1.93 milliwatts. 
To estimate the radiative coupling f rom the outside surface of the 
supDort, we will assume the mod i n  gt tr t e ~ ~ ~ e r & w e  equl  ts +he zverzgg cf 
the cone and patch temperature and that it radiates to the patch. The equation 
for this thermal coupling is then 
where 
u - Stefan-Boltzmann constant 
Tr = rodtemperature 
Tpl = first-stage temperature 
E = emissivity of coated surface 
n = effective number of perfect radiative shields between 
rod and patch 
This equation assumes the outer surface of the rod and inner surface of the 
patch (cylindrical insert) are coated with a surface of emissivity E. 
of aluminized mylar (aluminized on one side) without a spacer material are 
equivalent to about one perfect (i. e. , no conductive coupling) radiant shield 
aluminized on both sides. For the above values of ro and I and for E = 0.1 
and n = 1, 
lko  layers 
m,4 - T ~ ~ ~ )  (60) - T  
40 *r1 - 
For a gold emissivity of 0.02, Tr = 173 degrees K, T = 98 degrees K,  and Pl  
(Prl = 2.33 milliwatts (61) 
A t  a gold emissivity (cg) of 0.086, T, = 155 degrees K and T 
with the earth shield in place. The above radiative input is &in reduced to 
1.22 milliwatts. 
= 111 degrees K 
To estimate the radiative coupling to the first stage through the hollow 
center of the tube, we will  assume that the end at the patch temperature and 
the other end at the cone temperature a re  close-spaced. Such an assumption 
overstates the coupling. The radiative load from this source is then 
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where Tc is the first-stage cone temperature and E the emissivity of the end 
areas. For E = 0.1 ,  ro = 1/8 inch and the above temperature values, 
9r2 
9r2 
= 0.33 milliwatt, cg = 0.02 
= 0.13 milliwatt, E~ = 0.086 
The second value is for the earth shield in place. 
The total thermal input to the first-stage patch by way of the in-orbit 
support is about 5.96 milliwatts at Eg = 0.02 and 3.28 milliwatts at eg = 0.086 
(with earth shield in place). The first-stage patch radiates 225 milliwatts at 
98 degrees K and 370 milliwatts at 111 degrees K (radiating area of 67.2  in2). 
The thermal inputs are then 2 .75  percent of first-stage power at Eg = 0.02 
and 0 . 9  percent at cg = 0.086. The respective increases in the temperature 
of the first-stage patch are about 2/3 degree K and 1/4 degree K. 
It is of interest to see if the thermal inputs can be reduced significantly 
by optimizing the design with respect to the length of the support. The optimum 
occurs when the radiative and conductive inputs are equal. Considering the rod 
length P as the only variable the total thermal coupling, 9T, is nearly BC + 9r1, 
since 9r2  is small by comparison. In terms of P, we then have 
For a minimum 
= 0 = -a/P2+ b = 0 a gT a m  
Or 
= a/b 
Wt. 
L2 
From the above calculations the average values of a and b are 
a = 10.44 milliwatt inches 
b = 0.444 milliwatt/inch 
So that 
= 23.55 in2 2 opt. 
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. -  And 
= 4. 
A opt. in 
For the optimum length we also have 
b1l2 = 2.15 milliwatts (69) 
BC + Srl = 4.30milliwatt.s (70) 
The average sum of BC and !Erl  is 4.39 milliwatts at a length of 4 inches, 
which is therefore sufficiently close to the optimum. 
4 .6  Relay Optic Design 
The relay optic design must be modified for use with the two-stage 
radiant cooler in order to minimize the radiative transfer from the optical 
structure to the patches through the optical opening. This radiative transfer 
can be made small by mounting the detector cell along a long edge of the 
second-stage patch, to minimize the cell-to-cone structure distance, and by 
reducing the speed of the optical beam as it enters the cooler, to minimize 
the size of the optical opening needed in the first-stage patch. 
The design is shown in Figure 14, Radiation from the primary 
(chopper) focal plane is reflected by a flat mirror to an f / l .  0 parabolic mirror,  
which collimates the radiation and directs it to an f/8 germanium focusing lens. 
The use of a collimated beam allows the separation between the parabolic mirror 
and focusing lens to be adjusted, so that the chopper-to-detector distance is not 
critical. The radiation from the f/8 lens is reflected off a 45 degree plane 
mirror  through a 10 to 12.2 micron interference filter located at the edge of 
the first-stage patch. The beam is then increased in speed to f/2 by an 
aplanatic germanium lens, which focuses the radiation on the detector cell. 
The above design is for a 4-inch, f / l .  0 primary optic, 0.5 mm x 0.5 
mm cell, and 2.5 mr instantaneous field of view (Section 6. 0)- 
mirror-germanium focusing lens combination has a magnification of 8X, and the 
aplanatic lens a magmfication of 1/4X. The relay magnification is then 2X, so 
that the effective focal length is 8 inches o r  20 cm. 
The parabolic 
The primary parabolic mirror (not shown in Figure 14) and collimating 
parabolic mirror are a pair of confocal parabolas with object and image at 
infinity. They are therefore an anastigmatic pair (E. H. Linfoot, "Recent 
Advances in Optics" Oxford, 1955, p. 277), that is ,  spherical aberration,coma, 
and astigmatism of the combination of the two parabolic mirrors a re  all zero. 
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The f/8 germanium lens will be designed for minimum spherical aberration. 
Its coma is then nearly zero because of the high refractive index of germanium 
(R. M. Scott, Proc. IRE 47, 1530, Sept. 1959). The germanium aplanatic lens 
has no spherical aberration or coma. Chromatic aberrations of both germanium 
lenses are negllgible because of the low dispersion of germanium in the 10 to 
12 .2  micron band. 
In the relay design the cooler opening facing the optics is about 0.25 inch 
i= &z=eter 4he ds-= Gf +&e f;rs&s+e-e p&&* As a reg.d& h&srfi=refice 
filter and aplanatic lens can be housed within the half-inch thick honeycomb 
structure of the first-stage patch. In addition, none of the radiating (outside) 
patch area can "see" through the optical opening in the cone structure with this 
construction. The only coupling to the optics and its surroundings is then by 
means of the 0.25 inch diameter opening. The coupling is radiative and given by 
@o = A. E O(Tc 4 -Tpl4) 
where 
A, = area of optical opening 
E = emissivity factor 
Ta = temperature of first-stage cone 
Tpl = temperature of first-stage patch 
For close-spaced geometry (R, B. Scott, "Cryogenic Engineering", Van Nostrand, 
1959, p. 148) 
where 
el = emissivity of interference filter 
c2 = emissivity of surroundings a s  seen back through 
optical opening 
Measurement made on the 200 degrees K radiant cooler for HRlR Model F-5 
showed that c2 is close to 0.5.  
emissivity value, so that E is about 0.33. For a quarter-inch diameter opening, 
the minimum value of Tpl (98 degrees K, Section 4 .7 ) ,  and the maximum value 
of Tc (248 degrees K, Section 4.2),  the radiative coupling through the optical 
opening is 
The interference filter has a comparable 
Bo = 2.16 milliwatts 
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(73 1 
This is less than 1 percent of the power radiated by the first-stage patch 
at 98 degrees K and would increase its temperature by less than 1/4 percent 
(1/4 degree K). 
Next, consider the radiative transfer to the cell opening on the second- 
stage patch by way of the optical opening. The cell ope- views the first-stage 
patch at angles beyond the optical beam from the aplanatic lens. An f/2 aplanatic 
lens subtends a half angle 6 which satisfied the relation 
sin 6 = 1/4 t 74) 
The projected solid angle or view factor (sin2 8 )  from the cell opening to the 
aplanatic lens is then 1/16 and to the first-stage patch 15/16. The interference 
filter is seen through the lens, which is transparent to a high percentage of the 
radiation from the first-stage cone and patch. The filter transmits about 0.12 
of the total power radiated by a 248 degrees K source (maximum temperature 
of the first-stage cone, Section 4.2) and a negligible fraction of the total power 
from a 98 degrees K or 65 degrees K source (minimum temperatures of the 
patches, Section 4. 7 and 4.9). The radiative coupling through the optical 
opeuing to the second-stage patch at 65 degrees K from the first-stage patch 
at 98 degrees K and relay optics is therefore 
+ 0: 12 x 0.5 
16 
(248)* 1 
102 = 3.24 A d  milliwatts (75) 
where Ad is the area of the detector cell opening in square inches. 
equation assumes that the cell opening and first-stage patch are black and that 
the relay optics as seen from the detector has an emissivity of 0.5. For a 
1/16-inch diameter opening over the cell 
This 
CId = 0.010 milliwatt (76) 
This is less than 1 percent of the power radiated by the second-stage patch at 
65 degrees K and would increase its temperature by less than 1/4 percent 
(0.16 degrees K). 
4.7 Temperature Range of First-Stage 
In orbit the thermal coupling between the first stage and its surroundings 
is very nearly all radiative. Upon removal of the caging mechanism, the only 
conductive coupling is by means of the in-orbit support, whose thermal inputs 
have been shown to be negligible (Section 4.5). The radiative transfer through 
the optical opening can also be neglected (Section 4.6). And, finally, absorption 
and emission by the inner walls of the second-stage cone, including coupling to 
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. - the second-stage patch, have only a very small influence on the temperature of 
the first-stage patch and will not be considered here. 
If we assume the first-stage patch and the second-stage cone attached to 
it are effectively located at the center of the first stage (i. e. , geometrical posi- 
tion for radiative exchange with the first-stage cone), the net radiative exchange 
between the first stage and its cone is then (See Section 4.2). 
where 
A p l  = radiating area of first-stage patch 
= effective emissivity from first-stage patch to first- 
stage cone (Appendix III) Pc 
E 
fT - Stefan Boltzmann constant 
Tc = temperature of first-stage cone 
Tpl = temperature of first-stage patch and second-stage cone 
Ac2 = outside surface area of second-stage cone 
And the first-stage radiant power to cold space is 
(??) 
where cg is the emissivity of the gold coating on the second-stage cone. 
factor (1 -E 
all radiant pawer going from the first-stage to cold space. 
cavity reflectivity (Appendix II), in this case for radiation entering the small 
end of a truncated conical cavity. Radiation leaving the patch does not return 
because of the outward sloping, specularly reflecting cone walls; it is either 
absorbed in the cone walls (a fraction E 
1 - E ~ ) ,  directly or by reflection off the cone walls. 
The 
) is the effective reflectivity of the first-stage cone structure for Pc 
It is also called the 
) or goes to cold space (a fraction PC 
Equating equations (77) and (78), w e  obtain the thermal balance equation 
for the first stage that determines its equilibrium temperature. 
radiant emittance of the first stage is then given by 
The equilibrium 
(79) 
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The average value of E 
first-stage cone is 7.35 x 1O-cAppendix m). The value of 1/2 Ac2/Ap1 is 
0.492. With the earth shield in place and a gold emissivity of 0. 086, Tc = 
199 degrees K (Section 4.3). Substituting into (79) 
for a gold emissivity (eg) of 0. 086 at the 
(80) mTp41 = 8.86 x 10 -4 watts/cm 2 
And the first-stage temperature becomes 
Tpl = 111 degrees K (81) 
For a gold emissivity of 0.02, the average value of cPc is 1.7 x 
(Appendix m), and Tc = 248 degrees K (Section 4.2). Equation (79) then yields 
UTpl = 5.24 x l o4  watts/cm2 (82) 
And 
Tpl = 98 degrees K (83 1 
We therefore expect the temperature of the first stage will lie in the 
range 98 degrees K to 111 degrees K for an in-orbit cooler. The upper limit 
is for a hi# gold emissivity and requires the use of an earth shield (Section 4.3) 
to prevent an even higher first-stage temperature (-120 degrees K without 
earth shield and E = 0.086). On the other hand, if gold surfaces of emissivity 
0.04 or less are a L n e d ,  the multi-layer insulation should be removed and the 
cone thermally tied to the outer cooler surface (Section 4.3). In this case, an 
earth shield does no good. 
during the experimental study in Phase II. (See Section 5.4). 
The actual emissivity value will be determined 
4.8 Support for Second Stage 
The support for the second stage is shown in Figure 15. It is similar to 
the in-orbit support for the first stage (Section 4.3), except that it is consider- 
ably more rugged (in relation to the mass it supports) in order to survive 
powered launch. The hollow support rod i s  made of fiberglas epoxy (Synthane 
G-10) and is 1.8 inches long. It is gold coated on its outer surface and wrapped 
with two layers of aluminized mylar to reduce the radiative coupling along its 
outer surface. By enclosing the rod in gold-coated inserts mounted to the two 
patches, the radiative coupling is reduced to a very small fraction of the power 
radiated by the seconhtage. 
4. 8.1 Conductive Coupling Coefficients 
With a properly designed second-stage cone (i. e. , such that the second- 
stage patch sees none or only a very small part  of the first-stage cone), the 
most important thermal coupling between stages is conductive. And the major 
source of conductive coupling is the support rod. 
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The conductive coupling coefficient of the rod is given by 
A 
P 
K c = K  - 
where 
K = thermal conductivity of rod material 
A =  cross-sectionai area of rod 
I = length of rod 
The lowest conductivity six-wire suspension system that survived 
environmental testing of the single-stage cooler consisted of three No. 28 
(12.6 mil diameter)and three No. 31 (8.93 mil diameter) titanium alloy wires. 
The three wires near the detector cell were of larger diameter because of the 
larger angle they made with the axis of the instrument. Redesign to reposition 
the cell (e. g. , on the patch itself) should permit the use of six No. 31 wires. 
The single-stage cooler has  a patch area (both sides) of about 3 in2. The 
radiating area (both sides) of the second-stage patch is about 1 .8  in2 (Section 3.3). 
If a thin, flat patch like that in the single-stage cooler is used, it should be 
possible to support the second-stage with wi re s  of about 0.6 the cross-sectional 
area of the wires used in the single-stage cooler. The conductive coupling 
coefficient for the single-stage cooler is 0.075 milliwatts/degrees K (ITTIL 
Bid 64-194, p. 5, of the technical proposal). Modification to u8e all No. 31 
wires would reduce this to 0.05 mw/degrees K. The second-stage would then 
have coefficients 0 .6  of these, or 0.045 and 0.030 mw/degrees K. 
The wire suspension, however, will be used only as a back-up. The 
prime support system will be a hollow rod of Synthane material connected to 
the patch at its center. We believe this support has several advantages over 
wire supports. It has high torsional rigidity, so that cell alignment is more 
accurate. Its hollow center can be used to carry electrical leads, thus elimi- 
nating additional holes in the cone structure. It supports the patch from a single 
contact area, thus reducing thermal contraction problems. Finally, a damping 
mechaniem can be attached in the area of connection to the first stage to aid in 
surviving the vibration environment. 
The thermal conductivity of Synthane G-10 is 0.7 cals/sec cm degrees C 
- 0.746 x watt/ino C (eem file System, Sec. 3100, 3200, Synthane Technical 
Plastics p. 7). Also the minimum inside diameter of Synthane rods is 3/32 inch. 
We have therefore selected support with a 9/64 inch outside diameter and a 3/32 
inch bore. The conductive coefficient for a support rod 1 .8  inches loqg is then 
0.0358 mw/degrees K. The cross-sectional area of the rod is about 15 times 
that of the wire suspension used in the single-stage cooler. 
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If there are five 1.8-inch long electrical leads of B & S No. 40 (3.145 x 
inch diameter) drawn Monel, their conductive coefficient is 
2 
4 x 1.8  x 10-3 
= 0.0083 mw/'K (85) 5 0.386 ~ (3 .145)  x 
The thermal conductivity of drawn Monel at 100 degrees K is 0.152 watt/cm°C 
= 0.386 watt/in°C. The total conductive coupling coefficient between stages is 
then 0.0441 mw/degrees K. 
If a weaker support can be used of about 2/3 the conductive coupling 
(as in the case of the wire suspension), the rod would be 118 inch outside 
-3 diameter with a 3/32 inch bore. The cross-sectional area is then 5.37 x 10 
in2 and the conductive coupling coefficient 0.0223 mw/degrees K. Addmg the 
coupling of the electrical leads, the total coefficient beco~lles 0.0306 mw/ 
degrees K. 
4.8.2 Radiative Coupling 
Radiative coupling from the outer surface of the support rod to the 
second stage is given by 
assuming the entire rod radiates at its mean temperature, Tr. The other 
factors are 
E = emissivity of a coated surface 
= outside radius of rod rO 
P = length of rod between supports 
n = effective number of perfect radiant shields about rod 
Stefan-Boltzmann constant - (T  
For 
2 r 0  = 9/64 inch 
1 .8  inches - P  
n = 1 (2 layers of aluminized mylar) 
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4. Tp2 = 77 degrees K 
Tr = 1/2 (105+ 77) = 91 degrees K 
the radiative coupling is 
A t  77 degrees K the second stage radiates 2.32 d M v & t . &  
coupling is about 1 percent of this value, which would increase the patch 
temperature by about 1/4 percent or 0.2 degree R. 
The Z b z e  r2&2?%~ 
Radiative coupling through the hollow center of the rod is negligible. 
Most of this area will probably be occupied by electrical wires  to and from the 
second stage (which will add conductive coupling between stages). Without the 
wires present and the patch end of the rod containing a gold-coated plug, radia- 
tive coupling from this source is less than l ~ - ~  milliwatt. 
4 . 9  Temperature Range of Second Stag e 
The temperature range of the second stage depends on the temperature 
range of the first stage (Section 4,7), the conductive coupling of the support 
(Section 4.8), and the radiative coupling between stages. If the earth shield 
described in Section 4.3 is used for higher values of gold emissivity (- 0.04 to 
0.086) and the minimum realizable value of gold emissivity is 0.02, the tempera- 
ture range of the first stage is 98 degrees K to 111 degrees K. The support for 
the second stage, and therefore its conductive coupling, is based on the supports 
used in the single-stageV200 degrees K cooler. The radiative coupling between 
stages was calculated (Appendix III) for the extremes of gold emissivity, 0.02 
and 0. 086. The combined ranges of gold emissivity and support conductive 
result in a second-stage temperature range of 65 degrees K to 79 degrees K. 
4.9.1 Thermal Balance Equation 
The second-stage patch has a ra&ating area Ap2 which emits a power 
(1 - E ( ~ )  ) u Ap2Tp2 4 
PC 
(2) (2) 
to cold space at a temperature Tpz. The factor 1 - E  pc = p 
reflectivity of the second-stage cone structure for radiation going to space from 
the second-stage patch. This radiant pawer is balanced by the conductive and 
radiative thermal inputs to the second-stage. The conductive input is given by 
is the effective 
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. - where 
Kc = conductive coupling coefficient between stages 
Tpl = temperature of first-stage patch 
The radiative input is 
where 
second-stage cone. 
is the effective emissivity from the second-stage patch to the 
Equating the radiant power to cold space to the thermal inputs, we obtain 
the thermal balance equation for the second stage. 
This may be rewritten as 
u~~~ ~~1~ + K~ T~~ “Ap2 Tpz + Kc Tp2 = Epc (91) 4 (2 1 
(2) The effective patch to cone emissivity for the second-stage, c W ,  was 
calculated for cg equal to 0.02 and 0.086 (Appendix III). Values were deter- 
mined for truncated rigbt-circular cones having the geometry of the vertical 
and horizontal cooler planes. The results are listed in Table 8 together with 
the average values. 
Table 8 
Patch to Cone Effective Emissivity of Second Stage 
Vertical Horizontal Average Eg 
0. 02 0.038 0.014 0.026 
0.086 0.156 0.062 0.109 
4 . 9 . 2  Temperature Rang e 
The temperature range of the second stage can now be calculated using 
equation (91). For cg = 0.086, Tpl = 111 degrees K when using the earth shield 
(Section 4.3). If the higher conductivity support is used, K, = 0.0441 mw/% 
(Section 4 .8 ) ,  and 
6.60 x TPz4 + 0. W 1  Tp2 = 5.99 milliwatts (92) 
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for a patch radiating area of 2 x 0.36 x 2.51 = 1.81 in2 (Section 3.3) and the 
average EE value. Equation (92) is satisfied for 
Tp2 = 78.6 degrees K (93 
If the lower conductivity support can be used, K, = 0.0306 mw/degrees K 
(Section 4.8), and 
6.60 x loe8 TPz4 + 0.0306 Tp2 = 4.49 mw (94) 
And 
Tp2 = 75.8degrees K (95) 
For eg = 0.02 no earth shield is used and the first-stage cone is 
thermally tied to the outer cooler surface (Section 4.2.3). The first-stage 
temperature is then 98 degrees K, and for & = 0.0441 mw/degrees K. 
6.60 x T + 0.0441 Tp2 = 4.48 mw (96) P2 
So that 
Tp2 = 68.6degrees K (97) 
If the lower conductivity support is used, 
6.60 x Tp24 + 0.0306 Tp2 = 3.16 mw 
And 
Tp2 = 64.9degreesK (99) 
The possible temperature of the second-stage patch thus ranges from 
about 65 degrees K to 79 degrees K. To attain a temperature toward the low 
end, good gold surfaces must be realized, and the lowest conductivity support 
that will survive vibration must be used. 
Because of the importance of conductive coupling to the second-stage 
patch and possible problems in surviving the vibrational environment, it may 
prove desirable to extend the holding mechanism to the second stage and uBe 
a lower thermal conductance (weaker) in-orbit support. 
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5 . 0  TESTING 
radiant cooler under realistic thermal conditions. The equipment for con- 
5.1 Equipment 
The test equipment is illustrated in Figure 16. The dimensions shown 
are in inches. The helium refrigerator is mounted on a jack-supported plate 
for space-chamber insertion and removal of the cold head. The center access 
door of the T-shaped chamber will  be used for insertion and removal of the 
equipment under test. A connector feed-through is provided for radiometer 
testing and a separate feed-through (on top of the chamber) for temperature 
measurements. Temperature measurements will be recorded on a Honeywell 
Class 16 multipoint strip chart recorder. 
The helium refrigerator is a Norelco Model A-20, and its specifications 
are given on pages 58 and 59. The refrigerator will be used to cool a 
copper shield (Appendix XII)  used to simulate cold space. The outer area of 
the copper shield will be enclosed by an aluminum shroud at about 80 degrees K; 
the shroud will be cooled by the first-stage of the A-20. 
The main body of the space chamber is 36 inches in diameter and 48 
inches long. It will be provided with a semi-automatic high vacuum pumping 
system and achieve a system pressure of 1 x torr. 
5.2 Temperature Measurements 
The testing program will be divided into two main areas: the cooler 
and the over-all radiometer instrument. A detailed treatment of the latter 
program is best left until later as it will depend strongly on the performance 
of the cooler and especially on its over-all configuration. However, the test 
program will closely resemble the Nimbus HRIR tests of thermal behavior, 
but with the inclusion of as many more observational temperature points as 
the cooler tests indicate may be necessary. 
The analysis (see Section 4 .0  and the Appendices) of the radiative and 
conductive thermal transfer processes among the various componehts of the 
cooler, radiometer, and spacecraft shows the complexity of the problem due 
in large measure to the geometrical configuration of the radiating surfaces. 
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Model “A-20’’ 
CRYOGENERATOR* 
PRODUCT NUMBER 42240 
The Model “A-20 Cryogenerator, utilizing the 
proven NORELCO stirling cycle principles is 
capable of furnishing refrigeration at temperatures 
from ambient down to 12OK. It is particularly 
useful in the range from 809K to 12OK. 
The unique thermodynamic design permits simul- 
taneous extraction of refrigeration at two levels- 
509K to 809K refrigeration at the “intermediate” 
freezer and 40°K to 12OK at the “cold’ freezer. 
This versatility makes the Model “A-20” ideal for 
many ultra-:ow temperature application areas 
including: cold spot cooling of I. R. systems, 
masers, lasers, and other clectronic devices; 
superconductivity; cryopumping; hydrogen or 
neon liquefaction/rxondensation. Coupled with 
an external helium .I. T. loop, the “A-20” provides 
a compact, reliable, relatively simple Helium 
liquefier, or 12”K/4OK dense gas refrigeration 
system. 
In addition to the flange surfaces for the “cold” 
and intermediate freezer applications, the standard 
unit is also furnished with a base flange with 
feed throughs suitable for mounting an insulated 
enclosure. 
LEADiNG PARTICULARS 
The Model “A-20” Cryogenerator is used for 
refrigeration in the temperature range from 80°K 
to 12OK. 
REFRIGERATION CAPACITY : 
See Curve 
POWER REQUIREMENTS: 
11.5KW, 220/440 Volt, 3 phase, 60 cycle 
4GPM at 30 PSIG,’WF Inlet 
COOL1 NG WATER : 
DRlVE : 
15 HP motor, direct connected, 1750 RPM, 
220/440 Volt, 3 phase, 60 cycle. 
Commercial grade “A” helium Normal con- 
sumption is one standard cylinder (230 SCF 
at 2400 PSI) per 3000 hours of operation. 
Rated refrigeration within thirty (30) minutes. 
1500 pounds including base 
WORKING MEDIUM: 
START-UP PERIOD: 
WEIGHT: 
- 
N O R T H  A M E R I C A N  P H I L I P S  C O M P A N Y ,  I N C .  
CRYOGENIC DIVISION 
MAIL ING ADDRESS. P.O. BOX 2200 ASHTON. R.  I. 02864 PHONE 401-722-2200 TWX 401-724-0753 
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OPERATING FEATURES: 
.The A-20 Cryogenerator incorporates all of 
. the outstanding operating features of its pred- 
esessOrs, the Model A Cryogenerator. 
These include: 
Reliabiliry - Unique design and low corn 
pression ratio (2: l )  provide high reliabilty, 
low maintenance and trouble-free operation. 
Automatic Operation - After simply pressing 
attention. Automatic control of refrigeration 
production and operating temperatures can be 
readily achieved. 
Safery - Full system protection is provided. 
Indicators and switches are included which 
automatically shut down the unit in case of 
high or low helium pressure, high or low lub- 
ricating oil pressure and low cooling water flow. 
ikse %.*..4** button, the unit aperates without 
RMEDIATE FREEZER 
t 
13" 
MOWNTINO PLANGS 
34" 1 
Figure 1 Outline Drawing of 
Model A-20 Cryogenerator 
CUSTOMER SUPPLIED EQUIPMENT: 
M a n d  disconnect switch, 80/40 amps, 220' 
440 volt AC, 3 phase, 60 cycle for 15 HP 
drive motor. 
36" N.P.T. water line witn shut-off valve. 
Cylinder of helium gas 
The services of a NORELCO technician are 
provided for a period of thrzr days to super- 
vise installation and instruct personnel in 
equipment operation and simple maintenance 
procedures. 
1NSTALLATlON : 
WARRANTY: 
The A-20 Cryogenerator is guaranteed for a 
period of one ( 1 )  year from date of shipment. 
Liability is limited to the repair or  replacement, 
f.0.b. Ashton, Rhode Island, ot ail parts found 
to be defective in material Or workmanship, 
provided they have not been subjected to 
neglect or improper use and are returned pre- 
paid to the factory upon receipt of written 
authorization. 
Temperature at Intermediuze Freezer (Tm) - OK 
80 11 10 65 Q4l 55 50 
J 
10 IS 20 25 30 35 0 
Temperature ut Cold Free:er ( l e )  - OK 
Capacity Curve (nominal) - Model A-20 
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Since certain assumptions have been made with respect to the temperature 
distribution (and other factors), the determination of this distribution under 
operating conditions which simulate as closely as possible the expected orbital 
flight condition is essential for the performance evaluation. Spot measure- 
ments of the temperatures at various points throughout the structure will be 
made to determine the temperature distribution. 
The measuremen& of sjx?. teqwratures  will be made using fine-wire 
thermocouples and a multipoint recorder to provide continuous recording of 
up to 24 channels. Since the range of temperatures (except for the helium 
refrigerator cold reference) is between 77 degrees K and 308 degrees K, the 
output voltage for a typical Chrome1 P-Alumel thermocouple is about -5.7 
millivolts for 77 degrees K with 0 degrees C reference junction temperature. 
Operation with the reference temperature at or slightly above the highest 
expected temperature will increase the output to about 7 millivolts (well suited 
for a 10 millivolt recorder span) and will avoid the polarity reversal problems 
resulting from cross over of the reference junction temperature. 
An important consideration here  is the thermal conductance loading 
added by the thermocouple wires themselves. The Hoskins values for the 
thermal conductivity of Chromel F and Alumel are 0.192 and 0.297 watts  per 
cm per degree C (at 100 degrees C) respectively. For a 0.003 inch diameter 
wire, the heat transfer along 1 cm of alumel with A T  = 130 degrees C is 175 
microwatts. Thus a couple 10 cm in length would provide about 30 microwatts 
thermal conductance load for a temperature difference of 130 degrees C or K 
or 60 microwatts per couple at 260 degree6 temperature difference. Twenty 
such couples would contribute only a little over 1 milliwatt thermal loading. 
The actual temperature differences can be expected to average considerably 
less than 260 degrees C and the lengths of the thermocouple wires will average 
more than 10 cm with corresponding decrease in the thermal loading. 
The attachment of the thermocouples must, of course, not degrade the 
low emittance characteristics of certain of the surfaces of the cones, particu- 
larly with respect to the second-stage. The initial tests should therefore be 
run with a minimum or even no such attachments to the second-stage cone. 
The determination of the patch temperature can be done with a single thermo- 
couple element or  a special resistance wire measurement as frequently used 
in such experiments. (It is anticipated that the temperature of the cold plate 
of the helium refrigerator will be measured with a platium resistance ther- 
mometer or such other transducer as may be recommended by Norelco). In 
all cases the installation of the thermocouples will  follow accepted low 
temperature practice. 
"Temperature Measurement in Engineering" Vol. I and 11, John Wiley Q Sons; 
or Scott, "Cryogenic Engineering'', VanNostrand). 
(See, for example: Baker, Ryder, and Baker, 
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Since the output of the Chrome1 P-Alumel (and similar thermocouple 
combinations) is in the range of 0.02 to 0.04 millivolt per degree K down to 
the 77 degrees K tempera-, the direct use of a 10 millivolt recordmg 
potentiometer instrument falls in the medium accuracy category. The normal 
(" 10 inch) chart scale wed on typical recorders (e. g. a Brawn Electronik 
Model 16 Recorder) is graduated to 0.1 millivolt and can be estimated fairly 
easily down to 0.02 millivolt. Thus without striving for high accuracy, the 
te~~pew-ttzen m~aeured will he known to about 1 degree K. In view of the 
analysis of the radiative transfer processes, the uncertainties in the controlling 
surface parameters do not justify greater accuracy of the temperature 
determination. 
5.3 Thermal Simulation 
The space chamber testing of the two-stage radiant cooler will be 
realistic if the thermal input to the first-stage patch approximates its in-orbit 
value. This can be done by duplicating the in-orbit temperature range of the 
first-stage cone. The temperatures attained by the first-and second-stage 
patches will then closely approximate their in-orbit values. 
The higher outer surface temperature, Ts, achieved in the space 
chamber is offset by the absence of direct external thermal loading of the 
first-stage cone. The only external source seen by the first-stage cone in 
the space chamber is the cold reference target. Because the temperature 
drop across the honeycomb structure of the first-stage cone is always negli- 
gible in orbit, the honeycomb will be made of metal, and the outer and inner 1- 
facings will therefore be isothermal. 
the first-stage cone and outer surface will be of the low thermal conductivity 
(Section 4.4), at least until the average gold surface emissivity (eg) has been 
estimated (Section 5.4). With this construction the in-orbit first-stage cone 
temperature for e = 0.02 can be attained by eliminating the multilayer insu- 
lation between the cone and outer surface. Duplication of the in-orbit cone 
temperature of eg = 0.086 requires the addition of a small amount of multi- 
layer insulation. In any case, in-orbit thermal conditions can be simulated 
in the space chamber by duplicating the expected in-orbit temperature range 
of the firsostage cone. 
The mechanical connections between 
g 
In the space chamber, the outer sides of the cooler are completely 
enclosed by the space chamber and the radiometer baseplate. In this case, 
we expect that Ts wil l  lie between the temperature of the space chamber and 
the temperature of the baseplate. Assuming the chamber is an effective 
blackbody at a temperature Ta and that sides 3 and 4 (Figure 6 )  see one-half 
space chamber and one-half baseplate, the thermal balance equation becomes 
(Section 4.1) 
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1 UT, 4 (2+- A 1  + 
A1 ) = UT: (1 +- A1 
A 3  2A3 €2 A 3  
Ts = 297 degrees K (1 01) 
A t  Tb = 278 degrees K, T, is reduced to 290 degrees K. 
For plane-parallel geometry the net radiative exchange between the 
first-stage cone and inside of the outer cooler surface is (R. B. Scott, 
"Cryogenic Engineering", Van Nostrand, 1959, p. 149) 
,% o(Tc4 -Ts 4 
2 
for the fhc- surfaces coated with gold of emissivity Eg. Tc is the cone 
temperature. The thermal balance equation for an in-chamber cone .then 
yields (see Section 4.2) 
3 aTs4 
(1 03 1 
2 
* :2 Eg 
0TC4 = 
- ) +  
'P 
Using the emissivity values and area ratio given in Section 4.2, we obtain for 
- 0.02 and Ts = 297 degrees K 
g 
E 
Tc = 247 degrees K (104) 
A t  Ts = 290 degrees K, Tc is reduced to 241 degrees K. These temperatures 
are within the range expected in orbit for cg = 0.02 (Section 4.2.3). 
For a gold emissivity of 0.086, the equivalent of two perfect radiation 
shields (about four layers of aluminized Mylar) will be inserted between the 
cone and outer surface. The thermal balance equation for an in-chamber cone 
then gives 
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4 -  6 0Ts4 
UT- - 
I 1 c2 2 A, ‘cx + Ecp (1 + - 
Using the emissivity values for cg = 0.086 (Section 4.2) we obtain for 
Ts = 297 degrees K. 
Tc = 199 degrees K (1 08 j 
A t  Ts = 290 degrees K, Tc is reduced to 193 degrees K. The expected in- 
orbit value of Tc for E g  = 0.086 is 199 degrees K with the earth shield in place 
(Section 4.3). 
5.4 glp termination of Radiative Transfer Parameters 
The emissivity, E of the gold surface on the first-stage cone has a 
g’ large influence on the design (Sections 4.2, 4.3, and 4.4) and performance 
jSections 4.7 and 4.9) of the two-stage radiant cooler. In addition, it is 
important to know the effectiveness of any multilayer insulation used between 
the first-stage cone and outer surface (Sections 4.2 and 5.3). This effective- 
ness may be expressed as an equivalent number, n, of perfect radiant shields. 
The determination of the two radiative transfer parameters, eg and n, will be 
the object of initial tests on the cooler. 
The first cooler tests will be conducted using only a single stage with- 
The thermal balance equa- out the second-stage cone or second-stage patch. 
tion for the first-stage cone (Section 4.2) then yields 
Tp1 4 -   5x2 T 4  c 
or 
Thus, by measuring the first-stage patch temperature, Tpl, and the first- 
stage cone temperature, Tc, the effective patch to cone emissivity, 
(Appendix EX), can be calculated. The gold surface emissivity, cg, can then 
be estimated powing the geometry of the cooler by means of equation (II-16) 
in Appendix II. 
Additional experiments can then be conducted in which the second- 
stage cone is added, in order to determine its effect on the first-stage 
temperature. 
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I 
Knowing E and the areas of the first-stage cone a r n ~  patch, the effec- pc tive cone to patch emissivity, cCp, can be calculated (Section 4.2).  Knowing 
Eg and the geometry of the cooler, the external cone emissivity, cCX, can be 
cone then yields, for space-chamber conditions (Section 5.3) 
I calculated (Appendix VIJI). The thermal balance equation for the first-stage 
1 -  
E 
T 4  
By measuring the outer surface temperature T, as well as the first-stage 
cone temperature Tc, the effective number, n, of perfect radiant shields 
between the cone and outer surface can be determined. 
5.5 Radiometer Testing 
The breadboard radiometer to be constructed during the third phase of 
the program will be tested using equipment similar to that developed on another 
cmtract  (NAS 5-668, 3 . 4  to 4.2 micron High Resolution Infraxed Radiometer) 
in conjunction with the test facility described in Section 5.1. Tests will include 
radiometric calibration, field of view measurement, and sensitivity measure- 
ments to determine the noise equivalent temperature, 
The radiometer checkout equipment will be similar to that described 
in Quarterly Report VI on Contract NAS 5-668 (1 Dec. 1961 to 1 March 1962, 
Section 6.1). Calibration targets will  be temperature controlled by a liquid 
nitrogen-heater combination (Contract NAS 5-668, Quarterly Report XI, 
1 March 1963 to 1 June 1963, Section 3.7) modified to reach a minimum 
temperature of 170 degrees I(. The radiometer base temperature will be 
regulated by a thermoelectric device (ibid, Quarterly Report XII, 1 June 1963 
to 1 Sept. 1963, Section 3.5) that provides automatic control from -15 degrees 
C to +75 degrees C. The field of view will  be measured wing the procedures 
and equipment described in Section 3.6 of Quarterly Report XI (Contract 
NAS 5-668). 
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, 6.0 RADIOMETER PERFORMANCE 
Certain parameters affecting system sensitivity a re  imposed by the satel- 
lite orbital characteristics and the mapping geometry. The mapping of contiguous 
scan lines on the earth's surface or overlying cloud layers is accomplished by 
continuous rotation of a single-faced scan mirror which makes an angle of 45 de- 
grees to the telescope optical ax&. The day-night radiometer operates in much 
the same fashion as the earlier Nimbus HRIR except that the instantaneous field 
of view wiii be smaiier. The parameters imposed by the satellite characteristics 
and mapping geometry which affect system sensitivity will be calculated first. 
The satellite orbital velocity, v, is given by 
= R V Z 7  
where 
g = acceleration of gravity at the earth's surface 
R = radius of the earth = 3,440 nautical miles 
h = satellite altitude = 750 nautical miles 
For g = 980 cm/sec2 = 5.26 x nautical miles/,ec2 
= 3-85 nautical miles = 7.18 b / s e c  
sec 
In order to obtain contiguous scan lines the period of rotation of the scan 
mirror,  T, mustbe 
where Cp = width of instantaneous field of view. 
Using the above values for the various parameters and Cp = 2.5 milliradians, 
T = 0.60second 
The electronic post-demodulation bandwidth, Af, necessary to record the video 
signal at this resolution is 
Af = x- = 21oocps 
TO 
The sensitivity of the radiometer is given by the d-c output signal to rms 
noise ratio which can be written in the following form (modified from Quarterly 
Report MII on Contract NAS5-668, Section 3.5). 
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where 
signal attenuation due to chopping, synchronous demodulation, 
and electronic filtering 
4 - =  
i? 
J ~ ( T )  = total source emittance rabw/cmz) at temperature T -..4.+* , 
P,(AA, T) = fraction of blackbody radiation of temperature T in wavelength 
band Ah, where AA is the 10 to 12.2 micron band 
D*(AA, fc, 1) = detector detectivity in wavelength band AA for a chopping 
frequency fc and electronic bandwidth of 1 cps 
T = optical transmission (including mirror reflection losses) 
De = effective optical diameter of collecting telescope 
0 
Afs = electronic noise bandwidth = 2Af 
A, = detector cell area. 
The effective telescope optical diameter is defined as 
where 
D = diameter of telescope primary mirror 
D: = diameter of telescope secondary mirror. 
The smallest H n e  - CdTe detector readily available has a width of 0.50 mm. 
The equivalent focal length of the optical system to give the 2.5  milliradians field 
of view using this detector size is 20 cm. If a telescope with a collecting aperture 
diameter of 1 0  cm. (4 inches) is used the effective f-number would then be f/2. 
If the' obscuration by the secondary mirror is the same as in the Nimbus HRIR 
(3.4 - 4.2 micron) then De would be 8 . 1  cm (3.2 inches). For five mirror reflec- 
tions each having a reflectivity of 98 percent and a 10 to 12.2 micron spectral 
bandpass filter with an average transmission of 75 percent in the passband, T 
in the 10  to 12.2 micron spectral band and at a chopping frequency of about 5 kc 
(which is necessary to provide proper separation of the electrical channels) the 
P would be 0.68. For a detector having a detectivity of 1 x 10 9 cm CPS''~ watt- 
. signal-to-noise equation becomes 
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I where 
sdc = k J1(T) P,(AA, T) 
N m S  
- -  
The values of Pl(AA, T) were determined from the Lowan and Blanch 
Radiation Tables (JOSA, Vol. 40, p. 70, Feb. 1940) for the 10 to 12.2 micron 
band and the values of J1V) were obtained from the G. E. Radiation Slide Rule -- 
these quantities are given in Table 9 for the range of expected source temper- 
atures. The resulting signal-to-noise variation with temperature is plotted in 
Figure 17, using the above value of k. The signal-to-noise ratio is very strongly 
dependent on detector detectivity and this parameter varies widely with different 
detectors. In addition, the detectivity of the type detector which will be used is 
classified (the value used in the above calculation w a  obtained from an earlier 
unclassified report). The NASA Goddard Statement of Work requires that the 
noise equivalent temperature be less than 170 degrees K. Figure 17 shows that 
at 17 0 degrees K the signal-to-noise ratio would be 2 .2  for a 4 inch diameter tele- 
scope and for the assumed value of detector detectivity. It is apparent that the 
system wil l  have a noise equivalent temperature (temperature at which the signal- 
to-noise ratio is unity) of less than 170 degrees K. 
The statement of work also requires that the system must have a noise 
equivalent temperature difference, A T,, less than 2 degrees C (equal to 2 degrees 
K) for a target temperature of 220 degrees K. The noise equivalent temperature 
difference is that temperature change required to produce a change in signal, AS, 
equal to the rms noise. Returning to the signal-to-noise equation we see that 
where A denotes a change in the quantity enclosed in the brackets with temperature. 
Writing 
AWCr) = J1V) AT+P1(M,  T) AT 
Since J,V) = caT4 
The change in P1 (AA, T) is more difficult to calculate but can be found to close 
. approximation a8 follows: 
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TABLE 9 
Variation of radiant emittance with temperature for the 10 to 12.2 micron 
band. 
T 
16@K 
170% 
18 0% 
P,(lO-12.2 p ,  T) 
W a t t s  
c,z 
watts  
cm2 
0.0413 3.8 x 1.56 x lo4 
0.0515 4.8 x 2.47 x l o 4  
0.0619 6.0 x 3.71 x lo4 
1 90°K 0.0723 7.5 10-3 5.42 x 10-4 
2 00% 
2 1 O°K 
22 0% 
0.0823 9.1 10-3 7.50 x lo4  
0.0939 1.1 x 10-2 1.03 
0.1026 1.3 x 1.84 10-3 
23 0% 0.1104 1.6 x 1.77 10-3 
25 O°K 
270% 
290% 
0.1261 2.2 x 10-2 2.77 x 10-3 
0.1355 3.0 x 4.06 10-3 
0.1427 4.0 x 10-2 5.72 x 10-3 
7.70 x 3 1 O°K 0.1478 5.2 x 
32 0% 0.1467 6.0 x 8.81 x 10-3 
68 
. -  
I I  
Temperature in degrees Kelvin 
3 00 
Figure 17 Signal to Noise Versus Temperature 
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J1cr) - a Pi aT 
The other quantity is 
= 1.0 x 10-5;!ioK 
220% 
*1 
Therefore 
and 
When 
For 
watt = 3.4 x AT 
Aw 1220% cm2OK 
-5 watt = 3.4 x 10 k AT 
~ n n s  cm20K 
As 
so = l, AT = ATe 
b U l 8  
- 1 cm2% 
3.4 x 10-5 k watt 
) 
3 cm2 9 cmcps 1/2 k 8 . 7 ~ 1 0  - (D* = 1x10 
watt watt 
= 3.4% 
ATe 1220% 
It is apparent that a detectivity higher than 1 x 10 9 cm cps112 watt-' is needed to 
provide a noise equivalent temperature difference less than or equal to 2 degrees K 
at 220 degrees K. Since ATe is inversely proportional to D* we require a detec- 
tivity (for a 4 inch telescope diameter) of 
- > 3.4OK x l x  cmcps  112 = cm cps 1/2 
2.0% watt watt D*required - 
In the calculations thus f a r  we have assumed a telescope diameter of 4 inches since 
this would permit using the Nimbus HRIR (3.4 to 4.2 micron) main casting, scan 
mirror, telescope, etc. Since the NASA statement of work permits use of a 5 
inch collecting aperture diameter some improvement could be obtained by going 
to a larger diameter telescope (at the expense of making new castings, scan mir- 
rors,  etc.). The signal-to-noise ratio increases as the square of the optical 
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. diameter (for the same angular resolution and for the same minimum detector 
width of 0.5 mm). Thus, for a 5 inch telescope diameter we would have 
= P x 3 . 4 -  = 2 . 2 0 K f o r D * = l x 1 O g C m C ~  1/2 
ATe 1220% watt 
and 
At the present time it is felt that it would be more beneficial to retain the 
present 4 inch collecting aperture diameter and attempt to obtain higher detec- 
tivity detectors. If it is found necessary to go to the larger diameter telescope 
in order to meet the sensitivity requirements then this will be done. 
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7.0 NEW TECHNOLOGY 
Items covered in the design study which are considered new technology 
according to the NASA New Technology clause of September 1964 are the two-stage 
radiant cooler as a whole, the radiant patch supports, the modified relay optics, 
and the earth shield. 
The two-stage radiant cooler, including the general design approach and 
the specific design for a Nimbus-type spacecraft, is covered in this quarterly 
report. The cooler is designed to cool an infrared detector to below 80 degrees K by 
radiation to cold space without power consumption. 
Patch Supports 
The patch supports are  covered in Sections 4.5 and 4.8. They provide law 
thermal conductivity support for the black radiant patches and are in the form of 
hollow rods. The centers of the supports act as conduits for electrical leads to and 
from the patches. 
Modified Relay Optics 
The modified relay optics is covered in Section 4.6. This pontion of the 
optics relays radiant energy from the chopper to the infrared detector. The 
modified design minimizes thermal loading of the cooler by radiative exchange 
through the optical opening. This is accomplished by reducing the speed of the 
optical beam as it passes through the outside of the cooler (first-stage cone) and 
increasing the speed of the beam to the detector by means of a lens mounted on 
the first-stage patch. 
Earth Shield 
The earth shield is covered in Section 4.3. It substitutes low emissivity 
infrared radiation for earth infrared radiation and earthshine, thus reducing the 
thermal load on the interior (first-stage cone) of the radiant cooler. It is especially 
useful when the average emissivity of the gold coating on the first-stage cone is 
abovedout  0.04. 
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8.0 PROGRAM FOR NEXT QUARTER 
Second-quarter effort on the program will not begin until completion and 
approval of the first quarterly (design study) report. Phase LI, the construction 
and testing of a two-stage radiant cooler, will be started within the available 
time. The copper cold reference (Appendix XIT) will be purchased. The remainder 
of the equipment for the test facility, helium refrigerator, space chamber, and 
multichannel recorder, are presently on order. Detailed mechanical layouts will 
be started, and vendors contacted for the purchase and processing of cooler 
materials. 
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9.0 CONCLUSIONS AND RECOMMENDATIONS 
A two-stage radiant cooler can be designed and constructed to attain a 
temperature belm 80 degrees K in the second stage when operated on a Nimbus- 
type spacecraft. In addition, it is possible to simulate in-orbit thermal conditions 
during space-chamber testing of the cooler. The complete design cannot be set, 
however, until the emissivity of the gold coating 011 the first-stage cane has been 
determined. The value of this emissivity has a marked effect on the performance 
and construction of the cooler. 
It is therefore recommended that the second phase of the program be 
carried out. Initial tests on the cooler should be designed to determine the value 
of the above gold emissivity. This will permit completion of the cooler design 
and give a direct indication of the thermal performance to be realized. It is fur- 
ther recommended that vibrationally critical parts, notably the support for the 
second-stage patch, be environmentally tested to ensure a mechanically realistic 
radiant cooler. 
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11.0 GLOGSARY 
View Factor. The view factor F12 is the fraction of energy emitted by an 
area A1 that directly strikes an area A2 (M. Jakob, "Heat Transfer", Vol. II, 
John Wiley, 1957, p. 7). F12 is the view factor for the configuration of A1  with 
respect to A2 or, simply, the view factor from A1 to A2. For geometrically 
similar arrangements, it depends only on ordinary and solid angles and is inde- 
-dent nf the dimensions and distances of the surfaces under consideration. View 
factor is also called angle factor, configuration factor, geometricai factor, and 
angle ratio. It is equal to 1 times the projected solid angle of R. C. Jones 
(Appl. Opt. 1, 607, 1962). %he sumover a hemisphere of all. view factors from a 
surface equals unity. 
The product A- Fjk is an invariant, so that A1F12 = A2F21 (M. Jakob, op. 
cit., p. 9). The p rokc t  sA.F. is termed the throughput of an optical system 
(A. Zachor, JOSA 54, iv, Jan. 1964). If the refractive index n changes, the 
invariant becomes T X2AjFjk. The invariance of the throughput may be considered 
a generalization of Ab e's sine relation. 
3 Jk 
Effective Emissivity 
The net radiative exchange between two surfaces may be written in the 
general form 
A@ 12 A1 
where 
A1 = area of cooler surface 
T1 = temperature of cooler surface 
T2 = temperature of warmer surface 
E = effective emissivity from area A1 to area A2 12 
The product A1 eI2 is equal to the product AE of R. B. Scott, (Wryogenic 
Engineering', Van Nostrand, 1959, p. 147). The effective emissivity depends on 
the emissivity of the two surfaces, the geometry of the surfaces, and whether 
reflections at the surfaces are specular (mirror-like) or diffuse (i. e., with inten- 
sity proportional to the cosine of the angle between the direction of emission and 
the normal to the surface). The mode of reflection at an enclosed surface is 
immaterial, and for parallel plates the mode of reflection at both surfaces is 
immaterial. Value of E (el2) for an enclosed surface a re  given in Table 6.3 of Scott 
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4 . for specular and diffuse reflections and geometries of parallel plates, long coaxial 
cylinders, and concentric spheres. 
The technique for determining the effective emissivity, E Pc’ from a black radiant patch to a specularly reflecting cone in a radiant cooler is described in 
Appendixes II and III. For specular reflection at the cone, the effective emissivity 
depends on view factors to surfaces seen directly and by reflection (or, from 
another point of view, to surfaces whose apparent absorptivities are  changed by 
reflection). 
In analogy with the area-view factor product, one may define the effective 
emissivity, 5 from surface 2 to surface 1 by the relation 1’ 
or 
One may therefore take the view from either surface to determine the radiative 
exchange. The surface from which the geometry is simpler is generally chosen. 
Thus one takes the view from the black patch in determining the radiative exchange 
between the patch and the specular cone in a radiant cooler. - 
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